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FOREWORD

The information presented in this report was generated during the
performance of the Analytical and Experimental Investigations of Heat
Transfer, Materials and Thermodynamics Problems contract, SCEEE Contract No.
F33615-77-C-2059. The work was carried out at Arizona State University,
Mechanical and Energy Systems Engineering and at Air Force Wright Aeronautical
Laboratories, Aeropropulsion Laboratory, Thermosciences Laboratory.

During FY 1980 nine tasks were performed as dutlined in the Table of
Conterts. A number of the tasks were performed partly at ASU and partly at
AFWAL/POOC Thermoscience Laboratory. The various tasks dealt with sodium heat
pipes, wicking, performance, corrosion and life testing, with thermal energy
storage analysis, performance testing, compatibility and life testing. One
Master’s Thesis was completed on Thermal Energy Storage while two others are
in progress relating to Sections 4 and 7. Section 6 is from the Thesis. Six
senior projects were also derived from the work reported. Personnel

contributing to various sections are listed as follows,

Section Name ' A Level
A, Carstens Senior
W. Moddoman, U, of Daytom R.I. Ph.D
J. Beemer, M. Tehan, L., Wilson Senior
C. Poure Grad. Student
D. Stella Grad. Student
5 M. Whitehead Senior
R. Poanappan Grad. Student
6 R. Ponnappan E M.S. Thesis
7 N. Moraga Grad, Student
8 A, Kiefer SCEEE Investigator
Appendix T. Lamp Hughes Aircraft Co.

This is the final report for FY 1981,

The program was sponsored by AFOSR under Task 230858 and AFWAL under Project
3145 with Dz, E.T. Mahefkey of AFWAL/POOC-2 as technical monitor,
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I. WICKING LIMITS OF SODIUM IN HEAT PIPES AT 1000K
! 1.1 Introduction

The heat pipe can be used for many applications, has no moving parts and
has an effective conductance hundreds of times that of conventional heat

exchangers. Sodium is the most widely used working fluid in the operatiom of

the heat pipe between the temperatures of 800K and 1300K and has the very high

liquid transport number of 2.1 x 10*3 W/M3, Many different fluids are used,

however, according to design requirements and at overating temperatures rang-

DR SRR

§ ing from 4K to 2300K. Design requirements also designate the choice of the
numerous conventional and composite wicks, although manufacturing technology,
cost, and the self-priming requirement limits the use of the high performance
composite wicks. Sodium at 1000K requires a maximum wicking height in the
artery one half that of its static wicking height because of the self-priming
requirement, Although wicking is usually the major limitation in the opera-
tion of the heat pipe, the sonic and entrainment limitations can also cause
severe reduction in performance because of high vapor velocities in the core.
The heat flux limitation is also a serious problem that affects heat pipe
performance, especially since no method has been developed to eliminste it.

Heat pipe theory was first suggested in 1942 by R.S. Gaugler, but the
heat pipe was not developed until it was independently invemted by G.M. Grover

Yl T T T T

in 1962, The basic form of the heat pipe, shown in Fig. 1.1, consists of an

evaporator, a condenser, a wick network and an enclosed, tkin-walled tube,

which is evacuated except for the working fluid. Capillary forces im the wick

g
’
~

draw 1liquid from the condenser to the evaporator, where a heat source

—
el

vaporizes the liquid, filling the inmer core of the heat pipe with vapor.
This fluid travels back to the condenser, where it liquifies, thereby

T T

transferring energy from the heat source to a heat sink under a very efficient

e

(virtually constant pressure and temperature) operation. For high temperature

operation, fluids such as sodium are often used as the working fluid since

- -
LY T T,

they allow very high heat transfer rates because of their high heats of
vaporization and thermal coaductivities. j

Wick structures are categorized into two types: conventional and ‘
composite, The use of a particular wick depends on the design requirements.

Since sodium is a commonly used and highly doocumented working fluid, many

TTETH TTeTeT vwemasy

wicking analyses and experiments have been accomplished for sodium,
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1.2 Vorking F s
Heat pipe theory was first presented by Cotter in 1965 [1.1]. The heat
pipe has been applied widely using a number of working fluids, containment

materials and designs. It is possible to construct a heat pipe for use at

‘operating temperatures ranging from 4K to 2300K if a suitable working fluid is

chosen [1.2]. For purposes of classification, however, heat pipes can be
broken into three types according to the temperature of operation, these are
listed as cryogenic (4-122K), moderate~temperature (122-628K), and
liquid-metal (628-2300K).

Besides their respective operating temperature ranges, the most distinct
difference in the three types of heat pipes is their maximum capabilities in
transporting energy and their temperature drops at the same emergy transport
condition with similar geometries [1.3]. For example, sodium (liquid metal)
has a maximum energy transport capability three orders of magnitude greater
than the cryogenic nitrogen fluid, and one order of magnitude greater than the
moderate~temperature ammonia fluid, even when operating at their respective
optimum operating temperatures., On the other hand the temperature drops for
nitrogen and ammonia, from evaporator to condenser, are much greater than that
of sodium again under similar conditions. The reason for the higher
performance of sodium as a working fluid is due mainly to the high thermal
conductivity and the high liquid transport number, NL. The high thermal
conductivity is desirable for minimizing the temperature drop through the wick
at both the evaporator and condenser, The liquid transport number is defined
as:

_ gk
NL VL
where, 0 - Surface tensioa
A -~ Latent heat of vaporization

Vo = Liquid viscosity

which is a measure of the capillary pumping capabilities as well as the energy
transport capabilities, Since sodium is relatively low cost, is in wide
abundance, and has an extremely high NL among the liquid metals over the
temperature range 600K to 1000K, it is the most commonly used fluid for that

range [1.4], Comparative data is shown in Fig. 1.2.
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1.3 Yick ures

The wick structure of the heat pipe is usually attached to the inner wall
of the heat pipe, depending on the particular design requirements. The
primary purposes of the wick are (1) to provide the necessary liquid flow path
from the condenser to all parts of the evaporator, (2) to supply emough pores
at the liquid-vapor interface for developing the required capillary pumping
pressure, and (3) to provide a heat flow path of minimum resistance from the
heat pipe inner wall to the liquid-vapor interface [1.5]. A selection of
these types are shown in Fig. 1.3,

Probably the most common wick is the wrapped screen. The flow resistance
of the working fluid can be reduced, thus allowing a greater heat flux through
the heat pipe by wrapping the screen more loosely, but by doing so this
reduces the capillary pumping ability, causing a reduction in wicking height
[1.6]). Along with the annular geometry wick, the wrapped screen also offers
the highest resistance for heat flux through the wick [1.7].

The axial groove wick which is machined or etched in the innmer wall of
the heat pipe offers very low heat flux across the wick. However, separate
control of liquid flow and capillary pressure is difficult to achieve with the
present manufacturing techaiques.

Artery wicks are considered high performance wicks since they were
developed to reduce heat flux through the wick and flow resistance of liquid
in the wick. For both conventional and composite artery wick structures,
however, care must be taken that they are properly primed so that sufficient
wicking height and optimum performance is achieved.

Composite wicks differ from conventional wicks in that they consist of
two or more separate structures rather than a single structure [1.8]. These
are labeled transport wicks and pumping wicks. The reason for using composite
wicks is to provide sufficient pumping capabilities by using fine mesh screen,
while still allowing the liquid to flow with minimal resistance, to the evap-
orator by using arteries, grooves, coarse mesh or other open passage ways.
The major problem with composite wicks is that they must be able to self-prime
during start-up or after burm-out. This process can take as long as several
hours [1.9]). In some cases the heat pipe orientation must be changed to prime
the artery. The self-priming requirements are (1) that the transport wick
provides a static wicking head as high as the wick structure, and (2) that the

energy transfer capabilities of the transport wick is mnot exceeded, without

- T T A [ g hi s ol S g
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the aid of the pumping capillaries. From the self-priming requirements, it is
possible to calculate the maximum artery diameter or annulus gap allowable in

a 1-g environment, The maximum artery radius is given by:

8c \1/2
= h? + = - 1.1
Tmax ( pLg) h (1.1)
The maximum permissible annulus gap is:
- 20 €030
Smax = =, D; (1.2)
Where, h - Height of artery
P~ Liquid density
8 -~ Acceleration of gravity
© - Angle formed at the liquid—vapor interface
D; - Inside diameter of the heat pipe

These equations are illustrated in Figs. 1.4 and 1.5 for sodium at 973K.

Tests performed on heat pipes with grooves covered with 400 mesh screen
with sodium as the working fluid have shown that the wicking height is only
one fourth of maximum height when improperly primed [1.10]. Composite wicks
are less reliable and there is thus little performance data available. Manu-
facturing techniques have not been fully developed for inexpensive production
(1.11].

1.4 Heat Pipe Theory

The principle for the proper operation of the heat pipe lies in the pres-
sure balance of the fluid flow within the heat pipe. As shown in Fig. 1.6,
the driving pressure in the wick, due to surface tension force, must overcome
the pressure drops of the fluid in the liquid and vapor phases and the pres—
sure drop due to gravity in order to circulate the liquid back to the evapora-
tor. The vapor pressure drop, APv, and the pressure drop due to gravity, APG.
are independent of wick geometry and can be written as:

128 v .
APV-—Wﬁ ) | (1.3)

AP, = p8Z cos 0 (1.4)
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Fig. 1.6. Pressure Balance in a Heat Pipe
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Where, Mass flow rate of fluid

Diameter of heat pipe

N O R
|

Length of heat pipe
Vy — Vapor viscosity
Angle of liquid flow with vertical

S
1

The driving pressure, APC. and the liquid pressure drop, APL, are

both dependent on the wick geometry but can be written in general as:

=40 _ 20

AP = an "1, (1.5)
_ 32 viPZ

AP = —elt (1.6)

Where, dn - Hydraulic diameter

4 x (x—-sect area

dn = wetted perimeter Tp

rp Effective pore radius

The pressure balance equation then becomes:

AP, = AP, + P + APy (1.7)

but AP, is insignificant for small vapor flow rates and is often neglected.

A circular capillary (or artery) structure, has been chosen to solve for
the maximum wicking height in terms of energy transport per capillary, capil-
lary radius, and fluid properties. Reducing the above equations and neglect-
ing the vapor terms yields:

h = i . (1.8)

8V m
| Sl

VWhere b = Z

This relation is illustrated for sodium at 973K in Fig. 1.7. For comparison,
we see from Fig, 1.8 that the static wicking height of sodium under no heat
input conditions (q = 0). Also for comparison, we note that the wicking
height reduces as q increases, This corresponds to the reduced wicking
heights (from the static condition) due to the self-priming condition

11
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(Fig. 1.5). In fact, the self-priming requirement reduces the maximum pos-
sible (static) wicking height by more than a factor of two. In order to
increase the wicking height it is necessary to use a smaller radius capillary,
but this in turn will reduce the heat transfer capabilities. This trade-off,
coupled with the problems of exceeding the other heat pipe limitations (somic,
entrainment and boiling), makes the designing of the heat pipe an iterative

and sometimes a very tedious process.

1.5 Heat Pipe Limitations
The four limitations involved in the operation of the heat pipe are: the

wicking, the sonic, the entrainment and the boiling (or heat flux). These are
illustrated in Fig. 1.9 for a typical heat pipe.

The most commonly encountered limitation in heat pipe operation is the
wicking limitation ([1.12]. This 1limit was discussed earlier in terms of
wicking heights and heat transport capabilities. If the capillary pressure is
insufficient to overcome pressure losses in the wick, then no liquid will be
delivered to the evaporator resulting in local burn—out (or dry-out) of the
evaporator,

If the velocity of the vapor in the heat pipe core exceeds mach .2, then
the compressibility of the vapor is a significant factor causing a reduction
in the heat transport capacity [1.13); and if vapor velocities reach mach 1,
then the heat transport cannot be increased regardless of wicking capabili-
ties. As seen in Fig. 1.9, the sonic limitation is most commonly encountered
during start-up of the heat pipe, when the temperature is lower than the
operating temperature [1.14], Even though heat pipes are not gen;rally
designed to operate with high vapor velocities, high velocities are attainable
during start-up due to lower temperatures and pressures at the exit of the
evaporator than at the beginning, The maximum heat flux allowable because of

the sonic limitation can be shown as:

Q PyAv
A&7 asn 4 ?|
Vhere, vg = Sonic vapor velocity
Vs =VYRT
Y - Specific heat ratio
A, - Area of vapor flow

14
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The entrasinment limit is realized when the vapor velocity is such that
liquid droplets are torn from the wick and ’'’entraimed’’ im the vapor. This
condition reduces the heat transport capability of the heat pipe proportional
to the amount of liquid entrsined. The onset of entrainment occurs when the
Weber number, We, reaches one.

- —inextisl forces of the vaper  _
We tension forces in the 1iq. surface 1

[4 vv;
g rp

This leads to the maximum heat flux of:

= l/l
—r (pVA3orp)

Entrainment is the least severe of all limitations and is circumvented by
using a small pore radius at the liquid vapor interface [1.15].

The boiling limitation occurs in the wick at the evaporator in which the
working fluid boils in the wick before reaching the evaporator. The bubbles
that form in the wick reduce the flow area, thus causing s reduction in the
heat transport capability. This limitation is the most severe next to the
wicking limitation, and complete treatment has not yet been.developed for
fluid boiling in the wick [1.16]. For this reason most design work is

empirical.

1.6 Conclusions
Heat pipe technology, though not fully developed, has expanded the use of

the heat pipe into many areas which require operating temperatures ranging
from 4Kto 2300K. Sodium is the most widely used working fluid over the
temperature range of 800K to 1300K because of its desirable properties and low
costs., When used in the artery of a wick structure, the wicking height of
sodium is limited to less than one half of its static wicking height if the
self-priming requirement is to be met, this is true for all composite wicks,
The capillary force of the fluid in the wicks must be sufficient to
overcome all viscous and gravitation forces for the proper circulation of the
working fluid. This is the major limitation in heat pipe operation. However,
high vapor velocities in the heat pipe core cause sonic and entraimment

limitations of hesat transport capabilities, and excessive heat flux imput can

16
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cause a boiling 1limitation at the evaporator, which can also reduce

performance of heat pipe operation,
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II. INCONEL 600 SODIUM HEAT PIPE POST LIFE TEST ANALYSIS

2.1 Intro n

In a 1974 report, Electro Optical Systems described the design, manu-
facturing and partial results of 6 sub-scale heat pipes duilt for the Solar
Collector Thermal Power System Program for the USAF, WPAFB, AFAPL [2.1]). The
heat pipes consisted of Incomel 600 bodies with nickel screens and sodium
working fluid. The lifetime of the Solar Collector Thermal Power Systom
hardware was anticipated to be & minimum of three and a maximum of five years.
These heat pipes were built in order to demonstrate the lifetime of this
system as one of the compoments of this larger system. Of major comcern in
this heat pipe program was the compatibility of the sodium with the
containment material and wick. Specific problems anticipated involved the
basic solubility limits between various eclements of the system and complex
mechanisms in which contaminants, particularly oxides, play an active role iu
the corrosion between sodium and nickel based alloys. The_heat pipe is a
cyclic device and therefore corrosion cycles can possibly be established
whereby material picked up in the condenser region of the heat pipe may be
carried through the wick to the evaporator, VWhen the sodium evaporates,
impurities may be left behind and accumulate in the evaporator region, which
is the hottest portion of the heat pipe. Containment wall corrosion may
result as well as loss of capillary structure and blockage of the wick by
material which is deposited in the evaporator. When wicking capabilities are
lost in the evaporator, the heat pipe will fail to fumction.

The 1ife tests were designed to operate with pre—calculated heat transfer
conditions which represented the range as required for anticipated flight
hardware designs.

2.2  Heat Pipe Description

The six heat pipes fabricated were identical in design and numbered one
through six. The heat pipes consisted of one inch outside diameter Imconel
600 tubing which was 12 in. in length., The tube wall was 0.0625 in. in
thickness., The evaporator length was 1.25 in. in length with the condenser §
in, in length., The heat pipe wick consisted of a double wrap of 60 mesh
nickel screen spot welded around the intermal circumference of the heat pipe.

A dismetral wick structure extended along the longitudinal axis which provided
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for the liquid return from the condenser to the evaporator. The diametral
wick was 0.25 im, in width, 0.21 in. in cross-sectional ares. The diametral
wick was formed from 24 layers of folded screen held between two 0.025 in.
Inconel straps, by twelve 1/8 in. diameter nickel stakes on 1 in. centers.
Heat pipe number two had a diametral wick fabricated from 40 mesh nickel
screen. The remaining four units incorporated 38 mesh Incomel bolting cloth,
The nominal diametral wick dimensions were 0.25 in. wide by 0.806 in. high by
11-3/8 in. long.

A 2 in. long by 0.8 in. wide by 0.001 in. thick zirconium foil was placed
between the centerfold of the evaporator end of each diametral wick,
Zirconium has s higher activity for oxygen than the other compoments in the
heat pipe and as a getter it is intended to clean up the oxygen to eliminate
the possibility of oxygen corrosion in conjunction with the sodium in the heat
pipe.

It is known that minimizing the oxygen conteat of the sodium in the heat
pipe is very important to eliminate corrosion. It is not known what the
actual cleanliness of the sodium was, except that it was reported as MSA high
purity sodium. High purity sodium can mean anywhere from ten to fifty parts
per million. It is recognized that five to ten parts per million is probably
the limit for long lifetime sodium heat pipes [2.2].

The heat pipe heaters were fabricated from Nichrome V Inconel sheath
resistance heaters. These sheated heater wires were close—wound around the
heat pipes and vacuum furnace brazed to the evaporator sections. Braze alloy,
82 gold, 18 nickel, designated ASTM-B-260-BAU-4 was used to braze the heater
wires to the heat pipes. Four Inconel sheathed Chromel-Alumel thermocouples
were attached by resistance spot welding Incomel tabs to the heat pipe outside
diameters. For heat pipes 1, 3, 4, 5 and 6 the thermocouple sensing tips were
torch brazed with the same alloy, to the heat pipe, for good thermal contact.
Heat pipe 2 did not have brazed thermocouples.

2.3 Heat Pipe Processing and Evaluation
The heat pipes were loaded with sodium and self-processed by venting to a

vacuum at temperature. The processing consisted of vacuum lines from the heat
pipes to a vacuum system with high vacuum valves, All connections were

helium~leak checked and the heat pipe transfer limes in reservoirs were vacuum
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baked to 424K (300°F). The sodium was transferred at 424K (300°F) from the
sodium container with argon as s driving gas. Thirty—five grams of sodium was
transferred into each of the individual heat pipes. The heat pipes were
heated to 1144K (1600°F) to self-process the sodium allowing any buried
noncondensible gases to accumulate in the vapor space. The temperature was
then lowered to 1034K (1400°F) and the heat pipe was opened momentarily to the
vacuum system to remove any gases which might have accumulated. After this
processing the heat pipes were closed using an electrode fusion weld to crimp
and weld the filled tubes.

The cleaning procedures used prior to heat pipe fabrication were
identified as TRW Specification PR2-2J Level 1, It is unknown at this time
what this particular specification is. Following welding of this structure, a
thermal vacuum step was performed simultaneously as the heater wires were
brazed to the heat pipe. It is again unclear what the oxygen or carbon levels
of the MSA sodium used in the heat pipes were and the sodium was apparemtly
not distilled or gettered.

2.4 Heat Pipe Testin
The heat pipes were tested at (1144K) at a power input of 600 watts into

the evaporator. The heat pipes were operated im air with natural convection
cooling in an exhaust hood, Other operating conditions for the heat pipe
design were evaporator heat input flux, 150 watts per square inch, condensor
heat flux, 34.6 watts per square inch, and axial mass transport flux, 6 pounds
per hour per square inch, The heat loss from the particular operational
system was 90 watts per foot,

The results of the early endurance testing were that after several
hundred hours of operation Units 1, 4 and 5 had heater failures. The brazed-
on heaters of Units 1 and 4 were subsequently ground off and it was determined
that pinhole failures existed in the heat pipe in the region of the evaporator
where the heater wires were ground off, One to two millimeter diameter
pinholes were found accompanied by sodium leakage. The brazed-on heaters on
all of the heat pipes deteriorated and ultimately most of them failed and were
subsequently ground off of the the heat pipes. Heat Pipes 3 and 6 malfunc-
tioned in the sense that they ceased to operate as heat pipes, although
pinholes and sodium leakage were not found. It was determined that during

heater shortage, as power was continually increased to obtain the operating

20

[P Y

i S Y




™

ey -V LALLM SR e |

e e She | ol adl sECani MGVl

i~ i i

TABLE 2.1

Life Test Times

Heat Pipe Hours at TRW Hougs at ASU
1 672
2 8760 3015
3 4368
4 720
5 840
6 4848
21
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conditions required for the heat pipe, 1localized overheating may have
occurred. It was assumed that Heat Pipes 1, 4 and § failed because of heater
failure and that the heat pipe wall pemetration, which was only in the area of
the heaters, was considered as evidence that the heaters were the prime cause
of heat pipe failure. At the end of the testing period, only Heat Pipe 2 had
not had complete failure. The total test time at that point on Heat Pipe 2
was 365 days.

Conclusions which were drawn from the metallographic and microprobe
analysis were that the failed region and the reacted zones showed a large
amount of grain boundary chromium carbide. The Inconel tube at the zero flow
point was apparently undergoing both trans-granular and inter-granular attack,
The micro-chemistry of the tube inside diameter was substantially different
from that of the bulk of the parent material. The failures were not to be
related to the diffusion of the gold—-nickel braze imto the heat pipe. Other
conclusions from the report that were found were that based upon Hest Pipes 3,
4 and 6 performance, the basic long term compatibility between the sodium and
the Inconel 600 was good. The failures of Heat Pipes 1, 4 and 5 were
attributed to runaway shorted heaters. The termination of testing of Heat
Pipes 3 and 6 was simple heater degradation and not related to the heat pipes

themselves.,

‘2.5 Continued Life Testing at Arjzons State University

Two of the TRW heat pipes were subsequeatly sent to Arizona State
University through Electro Optical Systems for continued life testing. The
heat pipe number 2 was placed in a tube furnace. A ceramic tube protected the
heat pipe from direct radiation from the heater wires of the furmace. The
longitudinal temperature profile of the furnace was not controllable and from
thermocouples mounted on the heat pipe, a tomperature difference of between
10-12°C was noted between the heat pipe ends. Three thermocouples were placed
on the heat pipe surfaces, one at each end and one at the middle. The
temperature of the midsection thermocouple was recorded continuvously on a
strip chart recorder. Jany times the furmace or strip chart recorder was
defective, causing interruptions in the progress of the test.

The heat pipe was heated to 993K, It was usually 1left at that
temperasture continuously during the week and shut off over the weekeads. The

temperature remained at approximately 993K + 10K during the heating period.
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The cycle time between minimum and maximum temperature was on the order of 30
minutes. The total number of heating cycles was 31 and the system was at the
operating temperature of 993K during the total time of 3,400.5 hours. Near
the end of this period the thermocouple indicators of the heat pipe showed
that the temperature profile, which had always been essentially flat within
the experimental area of the thermocouples themselves, began to change. It
was noted that a relatively large temperature difference from enl to end was
beginning to persist. Removal of the heat pipe from the test furnace revealed
a yellowish-white emission from the side of the heat pipe in the vicinity of
what had once been the brazed heater area. There appeared to be more than one
possible pinhole where the sodium was coming out of the heat pipe.

The second heat pipe was then put on test and within a very short period
of time it was found to demonstrate the same performance characteristics as
the first one which had failed. Upon removal of the second heat pipe from the
furnace, it was noticed that sodium was also coming from pinholes very similar

to those in the first heat pipe.

2.6 Failure Analysis of Sodium Inconel 600 Heat Pipes
The first heat pipe tested at ASU, number 2, was sectiomed into 6

sections so that the evaporator and condenser could both be examined in a
number of different ways. The sodium was removed from the heat pipe parts by
immersing the pieces in water, It was noted immediately upon cross—-sectioning
that the evaporator section of the heat pipe was nearly destroyed. The double
layer of nickel screen in the evaporator section was nearly completely '‘'dis-—
solved’’ into the wall of the evaporator. Where the nickel could be pulled
away from the wall, very deep impressions of the screen were left in the wall.
In some spots the screen was hardly discernible at all. The remains of the
evaporator are shown in photo Fig. 2.1. It appeared that the only sodium
returning from the condenser probably was coming through the diametral wick
and not through the double layer nickel screem on the circumference of the
heat pipe. The diametral wick appeared to be in fairly good shape and intact.
The circumferential wick in the condenser portion of the heat . ne also
appeared to be in relatively good condition. The area of effluence of sodium
on the external heat pipe wall was observed to have a highly corroded area

adjacent on the inside of the heat pipe.
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Fig. 2.1 Na-Inconel 600 Post Test Section
of Evaporator Wall Wick and
Diametral Wick Section
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2.7 Auger Analyses of Sodium Heat Pipe Life Test Samples

Various parts of a sodium heat pipe structure were studied using Auger
Electron Spectroscopy (AES). Experiments using AES were initiated in order to
determine specifically the corrosion effects that the sodium has on the wick
and container material. The AES technique is suited to this task because of
its surface sensitivity (AES detects only those elements within ~ 308 of the
sample surface) and its ability to detect all elements with the exception of
hydrogen and helium,

The samples which were analyzed using AES include the following:

1) Inside surface of heat pipe at evaporator end
2) Inside surface of heat pipe at condenser end
3) Surface of polished cross section of heat pipe
4) Nickel screen from evaporator end

5) Nickel screen from condenser end

6) Residue from the sodium heat pipe

An AES scan of a polished cross section of the heat pipe is shown in
Figure 2.2. Prior to recording this spectrum, the sample was argon-ion etched
for 30 minutes (~ 5008 of material removed) in order to remove both the
residual contamination from the polishing process and the thin surface oxide
which was present due to exposure to the atmosphere, This scan, which is
representative of the bulk alloy composition, shows that the chief metallic
constituents were chromium, iron, and nickel. The relative levels of these
metals indicates that this was an Incomel alloy although the exact alloy could
not be ascertained because of the inability of AES to detect some of the minor
constituents. The scans of the evaporator and condenser end surfaces of the
heat pipe are shown in Figs. 2.3 and 2.4 respectively. Both of these scans
show that the surface was oxidized and that sodium and several other
impurities were present on both surfaces. The scans taken after ion-etching
these surfaces for 60 minutes (~ 10008 of material removed) are shown in Figs.
2.5 and 2.6, These figures show that the.ion-etching process removed the
surface sulfur, chlorine, carbon, and sodium contamination as well as most of
the surface oxide.

The scans shown in these figures allow an approximate determination of

atom percent composition and these are given in Table 2.2, One obvious
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TABLE 2.2:

SODIUM HEAT PIPE SURFACES

Condensor end
-sur face

Evaporator end
-surface

Condensor end
-after ion-etching
~ 1000

Evaporator end
-after_ion-etching
~ 1000

Heat pipe cross-section
-~after ion-etching
~ 5008

<1l

3

Cl
14

10

<1l

39

41

12

23

18

20

APPROXIMATE ATOM $ COMPOSITION FOR

Cr

<1l

<1l

13

<4

Ni

17

10

70

69

54

Na

15

<2

<3

<2
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conclusion that can be drawn from examination of this table is that the
evaporator and condoenser end surfaces of the heat pipe were depleted in
chromium and iron compared to the bdulk.

Scans are given in Figs, 2.7 and 2.8 of nickel screen samples which were
taken from both the evaporator and condenser ends of the heat pipe. Both of
these scans were taken after ion—etching the particular sample for ~ 30
minutes. At the evaporator end, the AES scan of the nickel screen shows that
some chromium is present. No chromium was detectable, however, at the
condenser end. A piece of the residue which was present in the heat pipe was
also analyzed (a scan of this is shown in Fig. 2.9) and was found to contain a
high level of nickel. It is interesting to note, however, that chromium and
iron could not be detected in this residue sample despite the fact that these
elements appear to have been depleted from the inner surface of the heat pipe.

In summary, then, the AES data has shown that:

1) chromium and iron were depleted from the inside surface of the
heat pipe

2) chromium has been deposited on the nickel screem at the
evaporator end

3) nickel is present in the residue inside the heat pipe

2.8 Conclusions
The conclusions reached by TRW in the carlier report were that three of

the heat pipes that had failed, exhibiting pinholes with sodium effluent, had
failed because of shorts from the heater wire to the heat pipe wall,
Subsequent failures in the two heat pipes at Arizons State University, one of
which had an additional exposure of 3,015 hours exhibited a similar pinhole
type fsilure. In the ASU test setup, heating was done strictly by radiationm
with no contact between the heat pipe with anything except the alumina tube.
The similarity of failures would indicate that the failures might not have
been due to the heater wires at all, but rather to corrosion mechanisms
internal to the heat pipe. Overheating of the heat pipe by the brazed-on
heater wires might have been an important factor in the failure. It is very
possible that a high oxygen or carbom content level in the sodium, especialily
at eclevated temperatures, might have been the primary contriduting factors
towards corrosion failure of the heat pipes. As evidenced by the Auger
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roesults there was a good deal of mass transfer of some of the primary elements
constituting the Incomel 600 alloy. It is also unknown what kind of
transferral might have occurred of some of the important secondary elements
which tend to stabilize the structure and give it its important high
temperature qualities,

It seems obvious that extemsive, very high quality life test situations
must be set up in order to determine the compatibility of sodium with various
alloy systems operating in the heat pipe mode. This process has been
initiated by the Air Force through a series of heat pipes built by Hughes. As
these heat pipes are tested and then analyzed, great care must be taken to
evaluate mass transfer, and therefore material compositions in different zones
of the heat pipes, and also to evaluate the purity of the working fluid sodium

before and after testing.

2.8 References

{2.1] Richter, R., Solar Collector Thermal Power Systems, AFAPL-TR-74-89,
Vol. III, Nov. 1974. p. 39.

{2.2] Jacobson, D.L., Material Selection Comsiderations for Fluoride Thermal

Energy Storage Contaimment in a Sodiuvm Heat Pipe Environmenat,
AFAPL-TR-77-9, May 1977.
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III. THERNAL POWER TRAIN EXPERIMENTS

341 Introduction

3.1,.1 History

The thermal power train, now located at ASU in the Engineering Center,
was initially developed by Xerox Corporation/Electro-Optical systems as part
of a Solar Collector Thermal Power System Program., The thermal power train
was an integral part of a system to supply thermal energy from a solar collec-
tor to a Vuilleumier cryo-cooler on board a BMS (Background Measurement
Satellite)., Mission considerations dictated the use of a system that could
perform thermal energy transmission as well as storage and thermal management.
Furthermore, the system was to operate in a region between 980K and 1200K and
provide 3 kilowatts of continuous thermal energy to a load at between 810K and
980K. Performance and life testing was accomplished by Xerox, and the unit
was transferred to Arizona State University to continue extended thermal

cycling life test.

3.1.2 Power Train Background

Figure 3.1 is a schematic of the thermal power train located in the
Thermionics Lab, The power train consists of three main components. These
are (1) & primary sodium heat pipe which is fifteen feet long, (2) a secondary
heat pipe with a Lithium Fluoride (LiF) thermal energy storage system (1ESS),
and (3) a rotary radiation heat transfer joint. Of these components, the
primary heat pipe is the heart of the thermal power train. Virtually all of
the information developed by the Xerox Corp. about the thermal power traim is
devoted to the design, fabrication, and testing of the primary heat pipe
[3.11.

The primary heat pipe was designed to operate with a maximum power input
of 6kW and has three major sections in its design. These are (1) the evapora-—
tor section, (2) the adiabatic section, and (3) the condenser section. The
evaporator section is 20 in. long, the adiabatic section is 122.5 in. long,
and the condenser section is 27.5 in., long. The actual heat pipe is con-
structed of Incomel 617 alloy and has a wall thickness of .065 in, The out-
side diameter of the primary heat pipe is 2.25 in. The wick material, used to

transfer the condensed fluid from the condenser to the evaporator, is 50 mesh
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bolting cloth, The wick consists of both a diametral wick and a wall wick as
shown in Fig, 3.2, The working fluid used in the heat pipe is sodium. An
11.5 1b, fill was determined to be sufficient to keep the entire volume of the
wick '’'wetted’’ during start up. Table 3.1 gives a complete list of parts and
materials for the fifteen foot heat pipe [3.,2].

Surrounding the condenser end of the primary heat pipe is the secondary
heat pipe and the LiF storage material. This assembly was designed to supply
energy to the cooler on the satellite., During periods of emergy collection,
the primary heat pipe would supply energy for both recharging the storage
medium and running the cooler, When energy collection did not occur, the
primary heat pipe would cease to operate and the storage medium would supply
the energy required to run the cooler. This apparatus is shown in Fig. 3.3.

The lip of the secondary heat pipe is welded to the flange of the primary
heat pipe. The small annular space between the two heat pipes is filled with
sodium to insure proper heat transfer, Nine LiF energy storage cylinders are
placed around the inside orf the secondary sodium heat pipe. The secondary
heat pipe is 45 in, long and has the same internal characteristics as the
primary heat pipe,.

Placed on the end of the secondary heat pipe is a rotary radiation heat
transfer joint, The design function of this joint was to provide a degree of
freedom between the thermal power train and the cooler, and to regulate the
esmount of energy transferred to the cooler. In the test setup, the rotary
joint is used as a calorimeter with water circulating through cooling coils.
Surrounding the entire thermal train is 1.5 in., of Min-K insulation that is

under 2 in, of Cerafelt 800 insulation,

3.1.3 Experimental Use of the Power Train

The present efforts were directed towards preparing the entire thermal
power train for experimental use, The thermal power train was first inspected
to determine what work had to be done in order to prepare it for experimen-
tation, It was found that a large number of tasks had to be accomplished to
make the thermal power train operational. Five major areas were identified
for preparing the power train tor testing: (1) heat pipe stand, (2) power
supply to run the test heaters, (3) cooling at the radiation heat transfer

joint, (4) instrumenting the heat pipe for temperature control, and (5)
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Table 3,1 Ref.[3.3]

Fifteen-Foot Heat Pipe Materials

Item

Diametral Wick

Wet Finger and
Circumferential Wick
Diametral Wick Retainer
Diametral Wick Connectors
Getter

Tube

End Caps and Flange
Fill Tubes

Heat Pipe Fluid

Start and Processing
Heaters

Thermocouples

Braze Material
Valves

Insulation

Type/Size

38-mesh bolting cloth
0.0065 inch wire diameter

60-mesh screen
0.007 inch wire diameter

Sheet 0.025 inch thick

6-32 NC rouad head screw and nut
Foil 0.001 inch thick

2,250 inch o.d. by 0.063 inch wall
Sheet 0.250 inch thick

0.250 inch o.d. by 0.035 inch wall
Bulk

Semicylindrical heaters

Model 50242, Type 2718-KSP

CR-Al 1063K6E, CR-Al 1063K12E

Rod
Nupro SS-4TG

Sheet 36 by 36 by 3/8
72 by 36 by 3/8

41

Material

Inconel 600

Nickel 200

Inconel 600
Inconel 600
Zirconium

Inconel 617
Inconel 617
Inconel 600

MSA High
Purity Sodium

Lindberg Hevi
Duty

Sheathed
Inconel 600

82% Au-18% Ni
Satellite Tip

J-M Flex-
Min-K
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constructing a8 purge volume to recharge the heat pipe. These five steps are

explained in the next section.

3.2 Design and Development

3.2.1 Setup

When the thermal power train was maneuvered into the Thermionics Lab,
uncrated, and inspected, it was determined that the wooden crate support would
be totally inadequate for high temperature operation and permanent installa-
tion, A stand was designed and fabricated that would hold the power train
securely and yet insure minimum conduction losses. The stand consists of two
pieces of square steel tubing that run the length of the power train. These
steel rails are supported by five wooden trestles that give the stand lateral
stability. The thermal power train is elevated from the rails by several sets
of refractory fire brick, and is secured to the stand assembly by two small

wire bands. The design is shown in Fig. 3.4.

3.2.2 Power Requirements

Investigation of the Electro—Optical systems reports [3.1] revealed that
there are several heaters installed on the thermal power train, The primary
heater, which provides power input to the evaporator, consists of three Calrod
Tubular Inconel sheathed heaters each rated at 3 kW at 240 volts. These
Calrod units are coiled tightly around the outer diameter of the heat pipe and
are connected electrically in parallel. The secondary heater comsists of two
similar Calrod units rated at 1 kW at 110 volts. These heaters are placed
along the adiabatic section of the heat pipe and are used to quickly bring the
entire thermal power train to a uniform working temperature. The steady—state
losses for the power train ranged from 1200 to 1500 watts depending omn the
working temperature and the state of the thermal energy storage unit and the
insulation, Based on this information, 5 kW of power was requested to be
supplied for the primary heater, This is more than enough to overcome losses
and provide for testing of the thermal train with power transfer, In
addition, since the thermal power train is a one-of-a-kind prototype and has
been successfully operated at its design input power of 6 kW, the use of 5 kW
provides the factor of safety prudence dictates. No other special power is

required, the wall circuits in the Thermionics Lab are adequate to run the
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secondary heaters. Two separate Variacs are required to control the power

input to the primary and secondary heaters.

3.2.3 Calorimeter

Power extraction at the condenser end of the thermal power train is
facilitated by a tubular heat exchanger calorimeter and the radiation heat
transfer joint, This system is made up of four cooling coils installed in the
joint. If water is used as the coolant, the amount of power extracted at the
condenser can be determined from the mass flow rate of the water, its specific
heat, sand temperature rise, To increase the efficiency of the cooling
operation, the coils can be supplied with coolant in a counterflow; coolant
runs into two coils from the upstream side and into two from the downstream
side of the thermal power train.

A schematic of the cooling system is shown in Fig, 3.5. The 25 gallon
tank is located on a ledge formed by the second €loor of the lab. A feed line
and overfill line can maintain the tank fill at a c- istant level of 12 feet,
The simplest way to determine the mass flow rate of thae cocling water is with
an orifice and upstream and downstream pressure gauges, A valve located at
the base of the tank controls the mass flow rate so the thermal power train
can be operated under varying power extraction conditions. The cooling coils
on the radiation heat transfer joint have been fitted with inlet and exit
tubing, a glass rotometer, and two flow rate coantrol valves., Fig. 3.6 photo
shows the calorimeter. The Rotometer calibration is given in Fig. 3.7. If
the mass flow rate of coolant is carefully decreased until the heat exchanger
efflux is just vaporizing, the power extraction can be determined fairly
accurately by measuring the mass flow rate and the inlet and exit water
temperatures, A graph of the pressure drop across the orifice versus mass
flow rate would then serve as a quick reference of power extraction for
various test conditions.

One method for power extraction is that measurements be takem with low
enough coolant flow rates to allow coolant at the exit to reach a superheated
state. This would sllow errors in temperature measuremest to propagate into
very small errors in power extraction measurements. After a square-sum—root
error analysis however, it was determined that this method might not be
acceptable because st high power 1levels the coolant flow rate has to be

determined within +0.05 gm/sec to give a power transfer value of at least 10%
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uncertainty. Because of the unavailability of a precise enough flow meter to
perform this task, it was decided to use much higher coolant flows to reduce
error, The uncertainty im the power extraction is given by:

. (Wp3 + Wps)?/3
vz T} * ¥

Ya= "% T, T
where: Q = thermal power extracted
h = mass flow rate of cooling water
T; = temperature of inlet cooling water
T, = temperature of exit cooling water

¥a, Y, ¥r, wTi = the uncertainties of Q, i, To, Tj, resp.

With the rotometer presently installed on the calorimeter, the mass flow
rate can be determined within +0.2 gm/sec. At a mass flow rate of 10 gm/sec,
and assuming the water temperature can be determined within +2K at a 72K
differential, the error in the thermal power determination will be less than

5%, Figure 3.7 shows the calibration curve for the rotometer.

3.2.4 Instrumentation

The thermal power train is equipped with 30 Chromel/Alumel thermocouples
located at various positions along its entire length. These thermocouples
terminate in standard OST male thermocouple connectors. Imn order to utilize
as much of the original instrumentation as possible, the thermocouple circuits
are oxtended with the attachment of female connectors and Chromel/Alumel leads
running to barrier strips on the heat pipe stand. In order to accommodate the
large number of thermocouples, two manual thermocouple switches are required.
An automatic switch, an Omega ice point reference chamber, two Hewlett—Packard
3440B digital voltmeters, and a Hewlett-Packard 5050A digital recorder are
also necessary for the temperature instrumentation. Figs. 3.8 and 3.9 show
the thermocouple layout and numbering system as it actually exists on the
thermal power train.

Other instruments required include the voltmeters and ammeoters that
correspond to the Variacs used to comtrol the power input to the heaters.
Three 0 to 110 voltmeters and three 0 to 10 amp ammeters are required for the
instrumentation of the secondary heat pipe heaters and the two heating systems

on the purge volume. One 0 to 240 VAC voltmeter and one 0 to 25 amp ammeter
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are required to instrument the primary heater on the heat pipe. These four

systems can be adjusted to obtain the desired power input conditions.

3.2.5 Purge Volume
A purge volume had to be designed in order to decontaminste the primary

heat pipe. The heat pipe has not operated for six years and has been open to
the atmosphere at some point in time. For proper operation, all excess gases
and contaminants must be purged until the heat pipe is filled omnly with pure
sodium, This is essential to assure proper operation of the heat pipe.

The purge volume was designed to be attached to the evaporator end of the
heat pipe with the heat pipe fill tube as the attachment point. Basically,
the purge volume consists of the supply line, valves, collection chamber,
pressure gauge, and vacuum pump. The final design of the purge volume is
shown in Fig. 3.10 with the schematic shown in Fig. 3.11, The supply line is
.25 in, O0.,D, stainless steel tubing with a wall thicknes of .035 in. This
was used to be consistent with the existing fill lines and connections. The
purge chamber is 3 ft, long and is made of AS 304 stainless steel, It has a 2
in., I.D, and a 2.25 in. O.D. On each end of the chamber, .25 in. thick
stainless steel flats are welded to form a2 closed cylinder. The welds must be
made in an inert gas atmosphere to minimize the chance of outgassing from the
welds. All fittings for valves, tees, and connections to the purge chamber
are of the Swagelok type to allow for easy assembly and disassembly.

The purge chamber was designed to contain 3 1bs, of sodium at the highest
operating temperature the chamber would reach, This provides 50% greater
capacity than the original EOS designed purge chamber. The chamber was
treated as a thick walled cylinder in the design analysis, The support
structure for the purge volume was made of .125 in. thick steel box tubing.
The purge chamber is connected to the support using two large hose clamps,

Six thermocouples placed on the outside of the purge chamber and two
thermocouples placed on the .25 in. feed line sense temperature fluctuations
during operation. Tape heater circuits around the feed line and the purge
chamber insure proper temperature distribution during the purging process.
Insulation added to the lower half of the purge volume and feed line ieep the
heat losses in this area to & minimum, This area will always have an elevated
temperature to insure that the sodium can flow back to the heat pipe as a
liquid.
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3.2.6 Vacuum Ion Pump

The vacuum ion pump has two preliminary purposes in the test setup.

1)

2)

To evacuate the sodium gap at the primary—secondary heat pipe
interface to allow for sodium expansion during operation,
To create the vacuum required during the contaminant purging of

the primary heat pipe.

The ion pump setup for evacuating the sodium gap is shown in photo Fig.

3.12. BEvacuation is accomplished by first pumping down to 10~® torr with a

mechanical

roughing pump and then operating the vacuum ion pump. Since

evacuation of the sodium gap was the first time use of the ion pump, the

following procedure was used to additionally determine the integrity of the

pump, fill lines, valves, and ion pump vacuum chamber:

4.
5.

7.
8.
9.
10.
11.

12,

During

Cap—off and close valve V1.

Fill reservoir with liquid nitrogen to prevent mecharical pump
oil from entering vacuum chamber.

Start mechanical roughing pump and fun until a 10~? torr vacuum
is established in vacuum chamber as read from meter 1.

Start Vac-ion pump and shut off mechanical pump.

When 10~* torr vacuum is reached in the vacuum chamber (as read
from meter 2), shut off ion pump.

Read pressure for one—half hour to detect leaks in vacuum
chamber,

Uncap V1 (closed) to detect valve leaks.

Connect fill line to V1 and close V2.

Open V1 to detect leaks in the fill line and V2.

Restart ion pump, oven V2 and evacuate sodium gap.

When 10~" torr is achieved, shut off iom pump and read pressure
again from meter 2 to determine leaks in the sodium gap.

Close V2, disconnect fill line, and cap—off V2.

initial attempts at this procedure, Murphy’s Law predominated and

step 5 was never reached. After resealing the vacuum chamber, the pressure

sensor for meter 1 was replaced and after resealing the vacuum chamber, a

vacoum of 10~7 torr still could not be achieved. This problem was probably
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largely due to the construction of the ion pump-vacuum chamber connection,
The vacuum chamber, which is of considerable weight, is totally supported by
the front flange of the ion pump. This large moment created on the flange

most probably is the cavse of the vacuum chamber leakage.

3.3 Start Up
The following start-up procedure, in conjunction with the purge volume

and equipment described in the design and development section, has been
developed to prepare the thermal power train for use after its lomg period of
inactivity.

The general comncept of the purging process is to draw liquid sodium from
the heat pipe and introduce it to the evacuated purge volume by means of a
vacuum pump and two control valves, The temperatures of the upper half and
lower half of the purge volume can be varied independently, thus, the lower
half can be maintained at a temperature higher than the melting point of the
sodium, while the upper half is held at a temperature less than the melting
point, This should insure that no liquid sodium is drawn into the vacuum
pump. VWith the sodium in a liquid state, the heat pipe is allowed to outgas
for about 4 hours., The liquid sodium is then drained back into the heat pipe
and the valve between the purge volume and the heat pipe is closed. The

procedure is repeated 3 or 4 times.

3.3.1 Start Up Procedure
Refer to Fig. 3.11 for schematic of purge volume apparatus.

1) Close valves V1 and V2, Turn vacuum pump power switch to ON
position,

2) Heat thermal power train to a uniform overall temperature of approxi-
mately 930°F by adjusting VARIAC 1 (input power to primary heater)
and VARIAC 2 (input power to adiabatic section heater).

3) Heat upper and lower purge volume sections to a temperature of ap—
proximately 590K by adjusting VARIAC 3 (input power to upper purge
volume heater) and VARIAC 4 (input power to lower purge volume
heater).

4) Open valve V2. Observe vacuum reading on pressure gauge Pl1.
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5)

6)

7)

8)

9)

10)

11)
12)

13)

14)

15)

16)

17)

18)

Decrease thermal power train overall temperature to approximately
620K by adjusting VARIAC 1 and VARIAC 2,

Decrease upper purge volume temperature to approximately 366K by
adjusting VARIAC 3. Maintain lower purge volume temperature at
approximately 590K,

Close valve V2.

Open valve V1, Observe change in pressure reading on P1l,

Open valve V2. Observe vacuum reading on P1,

Allow thermal power train to outgas for 4 hours. Maintain specified
temperatures on thermal power train and purge volume.

Close valve V2,

Increase upper purge volume temperature to approximately 590K by
adjusting VARIAC 3, Entire purge volume should now be at about 590K,
Decrease thermal power train overall temperature to approximately
480K by adjusting VARIAC 1 and VARIAC 2.

With the thermal power train stabilized at about 480K, let any liquid
sodium present in lower half of the purge volume drain into the power
train for 10 minutes. Close valve V1,

Increase thermal power train overall temperature to approximately
620K by adjusting VARIAC 1 and VARIAC 2,

Decrease upper purge volume temperature to approximately 366K by
adjusting VARIAC 3, Maintain lower purge volume temperature at
approximately 590K.

Repeat steps 8 through 16 three times to insure thermal power train
is completely purged.

Make sure all valves are fimmly closed. Turn vacuum pump power
switch to OFF position.

3.4 Maximum Performance Estimations

Maximum heat transfer ocapability calculations were performed on the

primary heat pipe to verify the maximum design-value of 6kW at 1145K predicted

by Xerox. These calculations were based on a strictly steady state analysis

of several physical limitations that occur during heat pipe operation. These

include

(1) sonic limitations, (2) entrainment limitations and (3) capillary

limitations, and are shown as a function of input temperature in Fig. 3.13.
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Sonic limitations during heat pipe operation result from variations of
vapor velocity that occur because of vapor addition in the evaporator and
removal of vapor in the condenser. Because of this scceleration of the vapor,
the resulting back pressure in the evaporator section can cause the vapor to
reach supersonic speeds, and consequently sonic choking of the vapor stream to
the condenser. This condition causes decreasing condenser temperatures and
reduced heat transfer.

Another condition caused by high vapor flow rates is the entrainment
limitation, VWhen this comndition occurs, liquid working fluid at the wick-
vapor core interface is ripped off the wick by the high speed vapor passing
by, causing a reduction in liquid working fluid returning to the evaporator.
This causes the evaporator to eventually become ’'’starved’’ of liquid working
fluid, and consequently wick dry-out occurs at the evaporator. During
operation this condition can be detected by the sound of liquid droplets
entrained in the vapor striking the evaporator.

The major heat transfer limitation of the heat pipe at elevated operating
temperatures is the capillary limitation, Liquid working fluid transport in
the wick is caused by capillary pressure which is attributed to the wick
structure and working fluid surface tension characteristics. The capillary
pressure, which is greatest at the condenser end and lowest at the evaporator
end, must be great enough to overcome frictional pressure drops incurred by
fluid flowing in the wick and vapor flowing in the vapor core. Xerox reports
on the primary heat pipe design indicating the failure of a previous primary
heat pipe was the result of a wick structure with high fluid flow resistance
[3.1]1. This was caused by the lateral over-compression of a diametral wick
structure, which resulted in reduced permeability. Because the equations used
to calculate the capillary limitation curve do not take wick compression into
account, it is recommended that further investigation be made in this area.
Changes in heat transfer capillary limitations shown in Fig. 3.13 are
basically the result of variances in the working fluid’s viscosity, density,
and surface tension with varying temperature. The effects of vapor flow
frictional drops are very small in comparison to fluid flow pressure drops,
and were neglected.

Overall, it can be seen from the curves in Fig. 3.13 that the capillary
limitation is dominant at the higher temperatures. At 1170K, the maximum heat
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transfer capability of the primary heat pipe is 9.96kW, well above the maxim
design value of 6kVW,

The equations, assumptions and dimensions used in calculating the

limitation curves are included in the following sub-sections,

3.4.1 Primary Heat Pipe Dimensions [3.1]

Pipe:

Material: Incomel 617

d, = outside diameter = 2,25 in,
d, = inside diameter = 2,1875 in.
L = length = 180 in.
L, = adiabatic section length = 122.5 in.
L; = condenser section length = 20 in,
Le = evaporator section length = 37.5 in,
Vick
= mesh number = 50 in.”2
d = wire diameter = 0.0055 in.
Ap = dismetral wick cross sectional area = 15.277 cm?
Ayy = wall wick (circumferential) cross sectional area = 0.902 cm?
Ay = vapor core area = 8.068cm?

3.4.2 Performance Limitation Calculations [3.3]

Sonjc Limitation:
T

1/a
Qsmax = AvPvhr ({'v(%vvﬁ))

Where: Qgmazx = maximum axial heat transfer limited by somic choking
Ay = vapor core cross-sectional area (m?)
Ty = vapor temperature at upstream end of the evaporator (K)
A = latent heat of vaporization (J/Kg)
Py = vapor density at T, (Kg/m?)
Ry = R/M = 361 J/Kg-K for sodium
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Yy = specific heat ratio = 5/3 for monotomic sodium

Assumptions:

1) properties of vapor follow the ideal gas law

2) inertial effect dominates

3) frictional effects may be neglected

4) T, ~ temperature on outside wall of evaporator

3.4.3 Entrainment Limitations:

Where: Qgpax

Pv
Th

/
Qemax = AvA ["g—’;i—]l :

= maximum axial heat transfer limited by entrainment (W)
= latent heat of vaporization (J/kg)

= surface temsion (N/m)

= vapor density (kg/m?)

= surface pore hydraulic radius

= 1/3 wire spacing in wick = 2/3(1/M-d)

= 1.8415 x 107 4m

3.4.4 Capillary Limitations:

Where: QCpax

- (20/r, - prgd;)KA,ppA

= maximum axial heat transfer limited by capillary

pressure (W)

= surface tension (N/m)

= liquid density (kg/m?)

= liquid viscosity (kg/m-sec)

= latent heat of vaporization (J/kg)

= evaporator length (m)

= adiabatic length (m)

= condenser length (m)

= inside heat pipe diameter (m)

= total wick cross-sectional area = 1,618x10~" (m)
= capillary radius = 1/3(1/m~d) = 1.8415x10 *m
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wick permeability = d3e3/122(1-¢)2 = 1.65x10~" (m*)
wick porosity = 1 - (nMd/4) = 0.7840

L)
[]

3.4.5 Results
Assumptions:

1) beat pipe is in a horizontal position

2) vapor flow frictional losses are negligible

Teyap®C Teyap®F Qrmax(k¥)  Qgmax(kW)  Qgpgz (kW)

500 932 12.47 3.12 3.91
600 1112 12.49 13,96 7.67
700 1292 11,76 54.66 14.03
800 1492 10.75 149.59 21.48
900 1652 9.96 351.42 30.61

3.5 Conclusions and Recommendations

The scope and amount of work required to restore the thermal power train
to experimental usefulness far exceeded original expectations, A visit by
Robert Richter from JPL revealed that the condition of the power train was
much worse than when he had left it. The valves located on the sodium fill
lines, for instance, had been removed thus contaminating the heat pipe. The
permanent stand used for the power train was also missing, Designing a stand
and purge volume, and developing a startup procedure thus became small
projects in themselves.

Several projects that need to be completed before a test can be run

include:
1) Completion of the purge volume and its instrumentation (mear
completion)
2) Programming of the data acquisition system for thermocouple
monitoring

3) Purging of the primery heat pipe sodium fill (ready to be

performed)
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Prior to further operation of the vacuum ion pump, it is recommended that a

_( support stand for the vacuum chamber on the ion pump be designed and con-—

structed,
In evaluation of the primary heat pipe performance, it seems apparent

that a better correlation between diametral wick compression and permeability
E! is needed for reliable capillary limitation estimates on maximum heat pipe
heat transfer capability. An experiment to determine such a correlation would

make an important project for heat pipes with diametral wicks.

3.6  Referenmces

[3.1] Richter, R., Solar Collector Thermal Power System, AFAPL-TR-74-89,
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[3.2] Richter, op. cit.,, Table IV,

[3.3] S.W. Chi, Heat Pipe Theory and Practice, (McGraw-Hill, 1976).




Iv. HAC SODIUM-INCONEL 617 HEAT PIPE TESTS

4.1 Introduction

Hughes Aircraft Co. (HAC) fabricated twenty Sodium—Inconel 617 heat pipes
for WPAFB., The heat pipes were manufactured for the purpose of life testing
in accordance with a predetermined test matrix so that the compatibility of
Inconel 617 with sodium can be determined. The Manufacturing methods and
processing is documented in the Appendix., The eventual life test results will
be correlated to these processes where possible.

Heat pipe tests will be carried out at WPAFB, AFWAL, POOC Thermal Labora-
tory and at Arizona State University, Mechanical Engineering Thermoscience

Laboratory.

4.2 HAC Report Summary on Fabrication
The complete Hughes Aircraft report is presented as the Appendix. The

following subsections paraphrase and comment on some aspects of the report.

4.2,1 Heat Pipe Parameters

Important heat pipe and wick parameters are as follows:

Heat Pipe Length 18 in,

Heat Pipe I.D. 0.500 in.

Heat Pipe 0.D. 0.404 in.

Heat Pipe Body Seamless Inconel 617 tube
Heat Pipe End Caps Cut from 0.50 in, rod

Wick 100 mesh Incomel 617 screen
Wire Diameter (d) 0.0045 in.

Wick Permeability (Measured) (K) 4.2 x 10~*°N3

Wick Capillary Radius (r.) 1 x 107N

Wick Porosity (e) 0.702 - 0.724

The relationship for permeadility for HAC calculations was:

ds? g?
122 " (1-¢)3

Tc was measured microscopically (rather than by wick rise tests) and

¢ was determined experimentally.

4.2.,2 Pre-Assembly Cleaning Procedures

The tubing, or envelope, was cleaned in the following manner:
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1) Toluene scrub and rinse

2) Acetone rinse

3) Ultrasonic acetone clean (5 min,)

4) Freon vapor degrease (5 min.)

5) Air dry

6) Dry hydrogen fire at 1273K for 10 min.
Step six resulted in oxidation of the tubes. The oxides were removed by

honing with 240 grit silicon carbide and the cleaning procedure was repeated.

The wick and end caps received treatments 3 and 4 but were not hydrogen

fired to avoid the oxidation problem encountered with the tube.

4.2.3 Vacuum Firing and Welding

Vacuum firing was dome by resistance heating of the envelope. Tantalum
foil lead straps were also supports for the tubes. Reportedly no cold zones
were left at the interface ends, although the temperature at the ends was not
measured,

During vacuum firing at approximately 3 x 10" 7torr, heavy deposits were
produced in the vacuum chamber walls when temperatures were at 1273K or above.
It is guessed in the report that aluminum was the most likely material
evaporated. The residue was not evaluated. It is very possible that
corrosion resistance could be adversely affected by depletion of certain
elements and alteration of the surface stoichiometry. The heating times above
1273K varied over the range from 0 to 56 minutes. Accompanying pressures were

normally in the 1075 torr range.

4.,2.4 Vacuum Firing Sodium Charging

Prior to sodium loading, each heat pipe envelope was vacuum fired.
Deposits were again produced, Heat pipes 001 through 004 were loaded with
fired titanium sponge (Alpha Lot 120478). These envelopes were fired above
1370K to break down any titanium oxides. Heavy evaporative deposits were
again produced.

After firing all heat pipes are argon filled, mechanically capped and
transferred to a glove box for sodium loading., It is not clear if any oxygen
contamination occurs during this transfer. The sodium is transferred from a
glass ampoule to the heat pipes by a syringe. Once again argon cover gas and
a mechanical cap close the heat pipe while it is transferred to the processing

vacuum chamber. The purity of the sodium is designated Alpha t 3N5, and the
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oxygen and carbon content are not given in the material certification. It is
expected that the oxygen content of the sodium alone is on the order of 30 to

50 ppm.

4.2.5 Processing and Closure

Processing was done in vacuum by resistance heating the bottom half of
the heat pipe until uniform temperature is obtained (through heat pipe
actiom). Then, the process pin was fusion welded into the fill part of the
process end cap.

Heat pipe 001 was fabricated with a valve and the loading and processing
procedures were somewhat different. The 001 valve end cap was machined from
Inconel 617 bar stock such that the cap and 1.5 in. long tube were a continu-
ous piece of metal. The tube end was then heliarc welded to the stainless
steel valve tube. Final closure for the other pipes was a pinch-off and weld

with argon in the tube above the valve and vacuum on the heat pipe side.

4,2,.6 Testing
A preliminary performance test was made to assure the operation of each
heat pipe. Power input was approximately 1000 watts producing surface

temperatures of 1200K,

4.3 ASU Analysis Applied to HAC Heat Pipes

4.3.1 Heat Transfer

Heat can be transmitted into and out of the heat pipe by conduction from
a heat source/sink, by convection and by thermal radiation, The test setup in
question transmits heat by thermal radiation for both the evaporator and
condenser sections. To better understand the heat transfer that takes place,
an evaluation at the evaporator region of the heat pipe will be made, First,
for low values of heat flux, the heat will be transported to the liquid
surface partly by conduction through the wick and liquid and partly by natural
convection [4.1],

For high values of heat flux, the liguid will become superheated and
bubbles will form on the surface of the pipe. The formation of bubbles
creates very high heat transfer rates with small temperature changes., Also

the heat is transported as latent heat and convective heat transfer from
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bubble nucleate sites. It is important to note that if bubble populationmns
become too high, a continuous vapor film forms and the condition is known as
burnout [4.2]. Burnout is when the wick structure of the heat pipe dries out
and the heat pipe will no longer function,

The heat transfer in the condenser is slightly less complicated. The
vapor will condense on the liquid surface in the condenser and through surface
evaporation a small temperature drop and thermal resistance will occur [4.3].
The total temperature drop in the condenser is calculated by summing up the

equivalent thermal resistances and applying the appropriate relations.

4.3.2 Capillary Limit
In order for the heat pipe to operate, the capillary pumping heat must be
greater than the total pressure drop in the pipe. Tke total pressure drop

(AP.) is made up of three different pressure drops which are [4.4]:

1) The pressure drop APj (in liquid phase) required to return the
liquid from the condenser to the evaporator.

2) The pressure drop AP, (in vapor phase) necessary to cause the
vapor to flow from the evaporator to the condenser,

3) The gravitational head AP8 which can be zero, positive or
negative,

AP > APy + APy + AP,

If the above condition is not met, the wick structure will dry out and
the heat pipe will not operate. Therefore, it is important to choose the
right materials which make up the heat pipe to create a larger capillary head
than total pressure drop across the heat pipe. The parameters which play the
most important role in the operation are the properties of the working fluid,
They are the density, surface tension, enthalpy of vaporization or latent heat
and the viscosity of the liquid working fluwid. It is important to note that
in the calculations and the results that follow in a later section, the vapor
pressure drop AP, is neglected. The AP, is neglected because it becomes
negligible in the evaporator and condenser sections by radial flow due to

evaporation and condensation.

4.3.3 Sonic Limit
When the sodium heat pipe is first put into operatiom, the vapor velocity
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can casily reach sonic values. This is caused by a change in mass flow rate
of the vapor from the evaporator to the condenser. In this case, we must take
into account compressibility effects and the limiting of the maximum heat
transport capability of the heat pipe. The heat pipe can be modeled as a
diverging—converging nozzle. When the vapor velocity becomes sonic, choked
flow conditions exist at the exit of the evaporator. It is significant to
point out that when the condenser temperature drops and somnic velocities are
reached, the mass flow rate does not increase for a decrease im condenser

temperature.

4.3.4 Entraipment

Another important parameter in design of heat pipes is the 1limit of
maximum heat transport due to entrainment. At the interface between the wick
surface and the vapor, the latter will exert a shear force on the liquid in
the wick [4.5]. The magnitude of the shear force will depend on the vapor
properties and the velocity of the flow, This action will entrain droplets of
liquid and transport them to the condenser end, Entrainment limits the per-
formance of the heat pipe to such an extent that it no longer effectively

transp rts heat.

4.3.5 Viscous Limit

The last limitation to heat transport is the effect of viscosity. At low
temperatures of operation, viscous forces become predominant over the vapor
flow in the heat pipe. The axial heat flux rapidly increases as the pressure
in the condenser is reduced and the maximum heat flux occurs when the precssure

is reduced to zero,

4.4 Test Apparatus and Instrumentation

The test apparatus for the proposed work was donated by the NASA-Lewis
Research Facility. The test equipment shown in Fig. 4.1 consisted of an ion
pump with a capability of 10~° torr, a water cooled vacuum chamber, a PS1000
control unit for chamber pressure and a Variac transformer with a power input
range from 208V/34.6 amps to 13V/540 amps. A major portion of the work was
directed to getting the equipment in one instrument rack and all electrical

connections and accessories attached. Because of the nature of the equipment,
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there was no electrical schematic for the test rack, therefore considerable
time was spent trying to understand the electrical schematics and general
operation. The power requirements for the experiment is approximately 12KV
for start up. The Thermosciences Lab did not have the capability to operate
at these high power levels. A 400 amp bus bar was installed in the Lab which
became operational in April. One of the objectives of the work was to lay out
the temperature measurement and the roughing pump attachments. The power and
instrumentation schematic is shown in Fig., 4.2, In this schematic, the power
inputs are shown with special attention to the roughing pump. The roughing
pump is a device which is attached to the vacuum chamber and is used in the
initial vacuum process. The roughing pump evacuates the air in the chamber to
approximately 10~ torr where the ion pump becomes effective enmough to begin
pumping down to the operational wvacuum of 10’ torr. For this experiment,
special attention was given to the temperature measurement set up.

As seen in Fig. 4.2, thermocouples are fed through the connectors
adjacent to the roughing pump connection, It was determined that ten type K
Chromel/Alumel thermocouples would be spaced down the length of the 18 in.
heat pipe as shown in Fig. 4.3. Because of the high operating temperatures
(1300K), the thermocouples have to be shielded by ceramic tubing. Therefore,
from the inlet to the vacuum chamber and to the locations around the heat
pipe, the thermocouples are insulated. A 20 channel input with a paper print—
out in millivolts records the thermal data. The temperatures are then found
from type K thermocouple tables. A recorder reserved from the development
shop was to be picked up on May 1 for installation. However, for some reason
it was lent out to someone else. Therefore, at the time of this report the
test setup was without a temperature recorder although the problem is being
adressed, One last item to be discussed in the test setup itself is the
Variac transformer. The purpose of the transformer is to input power to the
tantalum heating element in the vacuum chamber. With the Variac, it is
possible to input varying amounts of power to study the performance of the
heat pipe.

The test setup was originally designed for 12-in 1long heat pipes,
therefore, the vacuum chamber had to be extended to accommodate the 18-in.
long HAC heat pipes. To do this an extension flange was ordered to lengthen
the chamber so as to accommodate up to 26—~in, long heat pipe. The extension

flange is still on order.
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4.5 Calorimeter Design

A calorimeter is being designed to fit inside the vacuum chamber and cool
the condenser section, The heat transfer chosen was radiation, although an
argon convection system is being considered in order to vary the rejection
load at the condenser.

The calorimeter design proposed to be built is shown in Figure 4.4. The
calorimeter consists of a coiled 14 in. copper tubing, 7-1/2 in. long. Note
that the condenser section of the heat pipe was fixed at 6-1/2 in. At the top
of the calorimeter, a flat copper plate, 1/4 in. thick, and 3 in. in diameter,
is screwed to the cooling coils., Also below that a 1/2 in. diameter solid
copper rod is welded for the support of the tantalum shielding as shown in
Fig. 4.5. The removable copper plate on the coils will make it easier to add
tantalum shielding to insure no heat loss from the end of the condenser. The
heat pipe will be tested at different orientations, and it thus had to be
pinned at the top of the condenser with a ceramic threaded rod. The support
for the calorimeter comes from the feed—through connection at the top of the
calorimeter. The weight of the entire calorimeter canm be supported by the
inlet and outlet tubing,. A complete list of the materials needed for the

construction of the calorimeter is as follows:

1. 14 ft. of 1/4-in. copper tubing

2. Ceramic rod 1-3/4 in. long, 1/2 in. diameter
3. 8-1/2 in., of 3/8 in. diameter solid copper rod
4, 3-Tantalum shields 2-5/8 in. diameter

5. 2-3/4 in, long steel threaded screws (27/in.)

4,5.1 Calorimeter Cooling Water Calculations

To insure proper operation of the calorimetr, a small experiment was
conducted to find the flow rate of water from the constant head water tank, A
graduated cylinder was placed at the same height above the floor as are the
feed-throughs for the calorimeter, After several trials, a value of 20.3gm/s

was established as the actual water flow rate.
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4.5.1.1 Mass Flow Rate Required for Maximum Heat Transport

Qpax = 2000W
If ATggter = 90-25°C

= 659C or 65K
Then,

HCpAT = 2000W

& - —__2000¥
lcal/gmK(65)K
m=7.33gm/s

4.5,1.2 PFriction Loss
The model of the calorimeter will be a straight tube as shown:
Tube: ID = 0,375 in. or 9.53x107%m
OD = 0.540 in.

}"‘7 4.27m 4’-1

Now: m = pVA
Solving for V

V= 20,3 _ 20,3x1073 where: A= aD?
pA 100kg(7.126x1073m3) 4
mY A =17.126x10"5m?
V = 0.285 M/S

4,5.1.3 Reynolds Number
Re = vd _ (0,285M/S)(9,53x10" %)

o 1.006x10"¢m3/8S
Re = 2698 (critical or transition)
Also e _ 0.046mm
D 9.53mm

£ . -
= = 4.83x1073
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4.5.1.4 From the Moody Diagram

b2
he = 0.032 [ (4,27m) _(0,285M/S)?
9.53x107%m (2)9.81m/S
g = 0.059m

The head loss from frictional effects is very small
The total head is: 2.134m

and the loss due to the fluid having to climb back up to the feed-
through is: 0.3m

2.134 - 0.3 - 0.059

Therefore, total head available

1.7698m

This is more than enough head to insure flow.

In order to be completely sure that the calorimeter would work as
predicted, several simple calculations were made., In the Thermosciences Lab
there is a constant head water tank available to be used for the cooling
calorimeter. A 1/2 in. plastic tubing was run to the test setup and a small
experiment was conducted with a graduated cylinder and a stop watch, the flow
rate was found to be 20.3 gm/s. A check was made on the flow rate mneeded to
handle the maximum heat transport of the heat pipe. The maximum heat trans-—
port is found to be approximately 2000W. From the relation in cpAT=Qney, and
assuming a AT of 65K the mass flow rate needed is 7.33 gm/s.

At first glance, the flow rate is of course more than enough, but the
frictional losses must be accounted for. The calorimeter was modeled as a
straight piece of copper tubing. The frictional head loss for straight tube
4.27m long was 0.06m and the loss in the geometry of the calorimeter was 0.3m.
The total head available was 2.134m, so the head after losses was 1.77m, which
is more than sufficient to insure proper operation to the proposed
calorimeter,

The complete calculations are as follows.
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4.6 Theoretical Calculations for Testing

4.6.1 Maximum Heat Transfer vs. Temperature

To insure proper operation of the heat pipe, it was important to verify
the results of HAC test of maximum heat transport versus temperature, In the
HAC test, the effective length of the heat pipe was 0.267m and the tilt angle
was 0 degrees. The definition of effective length is the evaporator plus the
condenser length divided by two, plus the adiabatic 1length of the
heat pipe. (fegs = (4 + {¢ + {¢). 1In this experiment the effective length is
0.318m and the tilt angle “from the horizontal is 0 degrees. Note that the
curve to be verified from the Hughes Report is an actual test of a sodium/
Inconel 617 heat pipe that will be tested in this laboratory. The calcula-
tions and summary of the maximum heat transport versus temperature is as

follows,

The maximum heat transport in a heat pipe at a8 ~iven vapor temperature is

found using the following equation:

Quax = Bpgay A (1a) where 8 my,, = max liquid
flow rate in the wick

Now using a standard pressure balance, and neglecting

the vapor pressure drop APL, yields

APc = AP, = APg where AP, = pf £l
- Lo Sk
APg = pp sﬂeffsino
APc = 2T(cos®
substituting, re
20)c080 _ pfogsih ,
+—c = _—ﬂn_pp — + ppgl (oggsin®
rearranging terms,
P pewa Zgl cos® ~ %7g£effsin0 (1)

Fgeff re
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Propertie

Sodium 827°C

p[ = 757.3Kg/m?
u = 1,8x1074NS/M3
or = 0.123 N/M
K = 4,16x10710M2
A = 3977 KJ/Kg
Note: The above temperature of sodium is the first test point to be
checked to verify the published values (curve) that ’'Hughes Llec-
tron Dynamics Division’ furnished with the heat pipes to be
tested.
And,
legr = fa * fe * fg
= 0,1778 + (-0.1143+0,.165)
peff = 0.318m 2
Also,
Ay = 3.71x1075m? where: Ay = wick area
£fe = 1x1074m 100 mesh Inconel 617
re = pore radius
Assuming perfect wetting (8=00)
And the angle of tilt (9=0°)
Equation 1 reduces to
ae e 2y @
Kieff I
Substituting values into equation (2) yields,
b= (757.3Kg/m?) (4.16x10"10m3)(3,71x10"5p3) [(ZIQ,LZQNZQ]
(1.8x1074S/m3) (0.318m) 1.0x107*m
8 = 5.02x1074Kg
-
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Now substituting & into eguation (la),

Qpay = Mgy A
5.02x1074Kg (3.977x10¢ J_ 1 watt
S Kg J/s

1998 watts

i

Qma x

Now check Qpay at the high temperature limit

T = 1077°C

Properties of Sodium at 1077°C

py = 690.8Kg/m?
o, = 0.095N/n

p = 1,6x1074NS/m2
= 4.16x10710p:2
A = 3.69x10¢J/Kg

Substituting these values into eqn (1)

h = 3.98x10"4Kg/s
Therefore, Qpay = mA = (3.98x107*Kg/S) (3.69x106T/Kg)1W/J/$
Onay = 1469 watts

To get a representative curve of maximum heat transport vs., temperature,

Qnay is calculated for temperatures, 900°C, 1000°C

Properties of Sodium at 900 and 1000°C

T = 900°C T = 1000°C

p) = 745.4Kg/m’ pp = 725.4Kg/m’

o = 0.113 N/m o = 0.104 N/m
p=1,7x10"4NS/m? U =1.6x1074NS ui
K = 4,16x10™10p2 K = 4,16x10 104
A = 3,913x10¢3/Kg A= 3 K2Tg1ns
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Note: These values are at zero degree tilt from horizoatal

T = 900°C T = 1000°C
h = 4.81x1074Kg/$S h = 4.58x1074Kg/$S
Qpay = 1882 watts Qpaz = 1752 watts

Table: Q.l;ifor varying Temp, 6 = 0°

Qpay Watts Temperature °K
1998 1100°
1882 1173
1752 1273
1469 1350

It is shown in the calculations above that as the temperature of the
sodium vapor increases, the maximum heat transport decreases. This phenomenon
is illustrated in Fig. 4.6. The reason for this decrease in heat transport
lies in the properties of liquid sodium, The increased temperstures change
the density and the latent heat of vaporization significantly more than the
liquid viscosity and the liquid surface temsion., It is also worth pointing
out that there is a 1limit to the amonnt of liquid the wick structure can
handle which can play a part in the reduction in heat transport.

4.6.2 Entrainment

As discussed in the theoxry section of this report, an entraimment limit
calculation was made to confirm that for all operational temperatures tested,
the entrainment of 1liquid droplets in the vapor would not occur, The
calculation shows that the entraimment limit heat flux is approximately 92

times higher than the highest heat flux to be tested. The calculstions are as
follovs. '
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The entrainment limit is the maximum heat flux that can occur before
entrainment of droplets from the wick structure are sheared into the

vapor space.

q= ’anzx‘ce where: : : :n$;g1

From Figl2.24 '’Heat Pipes’’ by Dunn and Reay [4.2],
the merit number at 1200°C is pyAic) = 2x10¢¥W*/cm?

Therefore,
q = J 27(23106W3/cm? ) 204§
0.007Tm "
q = 4.04x10%/m?

This value is well above the qupay Values calculated.

4.6.3 Effect of © on Performance

One substantial area of investigation of heat pipe performance is the
ability to transport heat at all angles of operation. Beofore these tests can
be conducted, calculations of the maximum heat transport (Qu.y), and the maxi-
mom axial heat flux (Q’;;,) for varying vapor temperatures must be made.
These calculations are done at various angles from 0 to 90 degrees in 15

degree increments.
Recall that:
Qpax = @A

and .

& = ggge! [324 cos® - gpzl,ffsinO]
Bloff e
Now calculate Qg,,, for § = 15°, 30¢, 45°, 60°*, 75°, 90°
To conserve space, a sample calculation of § = 30° will be shown here.
for T = 827°C or 1100°K

0 = 30°
=0
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. (157,3Kg/m?)(4,16x10"2°m3) (3 0-sm3) [(2)0,123N/m
= (1.8210-4Ns/m3) (0.318m) 1.0x10~4m
~757.3Kg/m?9 .81m/ 320 .ss-nnsoo]

h = 2.61x1074Kg/s

Qpay = @A

(2.61x1074Kg/s) (3.977x106¢3/Kg)1watt/J/s

Qm.x 1038 watts

The calculations of the maximum heat transport (Qu,,,) found at different
angles and temperatures, Also the heat flux can be calculated for an

evaporator length of 4.5 in. which is shown in the table below.

1100 K 1173 K 1273 K 1350 K

Q Q Q' Q Q’ Q Q' Q Q'

0} 1993 ] 4.38x105 11882 | 4.13x10% | 1752| 3.84x10% | 1469 | 3.22x10¢
15| 1501 | 3.29x10% |1422 | 3.12x104| 1336 2.93x10¢ | 1136 | 2.49x105
30| 1038 | 2.28x105 | 993 | 2.18x105| 947| 2.08x10% | 825 | 1.81x10¢
45| 641 | 1.41x10% | 624 | 1.37x10%| 613] 1.24x10% | 559 | 1.23x10°
60 ] 336 |7.37x104 | 341 7.48x104| 356| 7.80x10¢ | 354 | 7.75x10¢
75| 145 3.18x104 | 164 | 3.49x104] 195| 4.28x104 | 226 | 4.95x10¢
90 79 {1.73x2104 | 103 | 2.26x104} 140] 3.07x104 | 182} 3,99x10¢

Q' = Quey/A = Q/A where: A = surface area

A = DL

A = n(0.0127) (0.1143m)
example, for T = 1100°K, 6=0 A= 4,56x10"%m2
Q' = 19298 watte

= 4.56x10"3m3

Q = 4,38x10% W/m3
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For these angles and temperatures, a performance map can be made to
predict all variations in values as shown in Fig. 4.7, The results were as
expected, as the temperature is increased, the maximum heat transport and heat
flux decrease. The tilt anmgle produces a negative term in the heat transport

equation as shown below:

Qpax = ﬁl?:?'_f &:% cos® - p, g leggsind )&.]

At the temperature of 1100K the heat transport is reduced about 20 times
as the angle is changed from 0° to 90°,

4.7 Conclusions and BRecommendations

The calculations for the calorimeter design were very simple, but
entirely adequate. The theoretical calculations performed for verification of
data from the HAC Report were in good agreement. Also the calculations of
performance of the heat pipe at different angles seems at the first glance a
true approximation of what will occur. It is recommended that a closer inves-
tigation of the choked flow phenomenon as it relates to the sonic limitation
of the heat pipe be carried out.

Additional information should be obtained from HAC in regard to heat pipe
fabrication, These include the following:

1. r, measuroment

2, Q measurement

3. Bydrogen firing use and results

4, Purity of sodium

5. Metallurgical results obtained on weld cross sections
6. VWhat material is the final seal ball

7. Process for port pin weld.

In order to perform adequate analyses some time in the future, the high
temperature processing of the Inconel 617 must be determined. It is important
that the elemental material depleted from the container and wick be known.
Possibly a simulated experiment should be run to determine what the losses

are. This could be very important in a post—test analysis of the heat pipes.
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Four heat pipes have titanium sponge which is not compatible with nickel.
A more suitable goetter should be identified for future Incomel 617 heat pipes.
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[4.1]) Dunn, P.D., D.A. Reay, Heat Pipes, Pergamon Press, 2nd ed., 1978
Oxford, England, p. 56.

[4.2] Ibid., p. 57.

[4.3] Ibid., p. 77.

[4.4] Ibid., p. 19.

b {4.51  Ibid., p. 53.
%
4
E:
[

H
.

4

S

L‘l

F -

- 88
e

y -

'

- : dmccal b L;;ii.-‘-t-H--ii.i-ﬂ-niinniiil:A‘ st Mol




e e -
i B . Calidl el Dl S S S

)
)

T

v. EUTECTIC FLUORIDE SALT THERMAL ENERGY STORAGE EXPERIMENTS
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5.1 Introduction

Thermal Energy Storage (TES) Units consisting of eutectic composition of
64LiF-30MgF-6KF have very high phase change energy capacity and their applica-
Il tions as energy source for satellites and terrestrial uses have been investi-
gated in the literature (5.1]. The research problems connected with these

applications are broadly identified to be in two areas, namely, 1) material

compatibility between the salt and containmer material, 2) performance
evaluation of various TES device geometries. A clear and comcise picture of
the work carried out so far in the above areas is not available,

In the present study an attempt has been made to review and categorize
the existing work in a more amenable way. The categorization includes a
chronological arrangement of the past work done in the above mentioned areas
and a comparative study to relate each piece of research work to its
predecessor and successor such that a continuity is established.

Secondly, an experimental setup has been designed and assembled to
investigate the performance of a cylindricasl Thermal Enmergy Storage Capsule
(TESC) filled with a eutectic mixture of fluorides of Mg, Li and K.
Experimental results have been used to verify the melting point, and latent
heat of fusion of the eutectic salt, in addition to evaluvating the solidifi-
cation and heat transfer resistance characteristics of the cylindrical TESC,
Heating and cooling (with melting and solidification) cycles have been
repeated several times in a vacuum eamviromment to reveal any problem in
material compatibility.

Anaslytically, the theoretical model of London and Seban for solidi-
fication in cylindrical configuration in the horizontal mode has been verified
with the present setup. Experiments in the 73rtical mode have been carried
out to investigate the effect of natural convection in the melt on the
solidification and heat transfer characteristics.

The TES capsule tested was previously on life test by directly heating
the container (clad). The life-cycle test is reported on in Section 9.

5.2 Experiments on the Eutectic Fluoride Salt Thermal Enezay Storage
Capsule (TESC)

T Yy 7Y 2 3]
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5.2.1 Physical details of the sample (TESC)

The TES capsule shown in Fig 5.1 and 5.2 supplied to ASU by the Air Force
Laboratory is 12 in. long and 1 in, in outside diameter. The capsule has been
fabricated at University of Dayton Research Institute from Incomel alloy 617
stock of Huntington Alloy Products Division of the Internatiomal Nickel
Company, Inc. The capsule has a longitudinal seam weld and electron beam
welded flat end caps machined from Inconel 617 bar stock and bears a serial
number 12 disclosing its identity of origin referred to a batch of 13 TESC's
fabricated at UDRI in 1975 [5.2]. According to this report, the TESC has been
filled under extreme cleanliness conditions with 225.519 grams of the eutectic
fluoride salt, LiF-MgF,~KF of composition 42.27%, 48.76% and 8.95% by weight,
respectively.

The TESC had been stored in a vacuum dessicator so as to avoid
atmospheric corrosion prior to the start of the present experiment and had a
derk bluish coat on the body indicating its past heating cycles at Air Force
Laboratory. The oxidized layer has been cleaned with emery paper (400 grit)
until the surface appeared like a polished steel and in this condition the

sample TESC has been assembled to the experimental setup, to be described in
the next section.

5.2.2 Experjmental Setup

A simple experimental unit was assembled using some of the hardware
already available at ASU, which includes a 40 sec. varian vacion/vacsord pump
unit and an 8 in. diameter stainless steel cross chamber fitted with vacuum
flanges and fittings. Minor but important items like thermocouple assemblies,
ceramic tubing and beads, copper tubing, clam—shell electric heaters, varian
gaskets and feed~throughs were purchased and used. Fabricational support has

been given by the development shop and the assembly and installation were dome
at the Thermionics Lab, ASU.

The experimental unit consists of the following:

i) A vacuum chamber hooked up to a vacsorb/vacion pumping unit to
provide the vacuum eaviromment, and

ii) A calorimeter with the TESC sample, electric heater, thermocouple

temperature measuring circuitry and instrumentation and a tap
water circulated cooling coil.
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The features of the test setup for measuring the latent heat fusion are
itrated in Figs., 5.3 and 5.4, Figure 5.3 is a complete assembly drawing
ing all parts in their respective position plsces in the vacuum chamber.

* 5.1 is an indexed parts list to identify the items in Fig. 5.3.
Table 5.1 Vacuum Chamber Assembly Component List

1. Salt in Cylindric Container, Ref. Fig. 5.3
2., Heater

3. Cooling Coil, Ref, Fig. 5.8

4, Stand-Off Ring, Ref. Fig. 5.6

5. Heater Cap, Ref, Fig. 5.5

6. Compression Bolt, Ref. Fig. 5.7

7. Fastener for Cooling Coil, Ref. Fig. 5.7
8. End Radiation Shield

9. Longitudinal Radiation Shield

10, Vacuum Chamber, Ref. Fig. 5.9

11, Inlet and Outlet for Cooling Coil

Since it is required that all the heat radiated from the cooling salt be
'bed and consequently measured through the cooling coil, it is mecessary
1ep to a minimum all points of contact that would be required to hold the
container rigidly in place, in this way reducing conduction losses. The
m chosen to accomplish this was two stainless steel 3/8 in., bolts that

support a pair of stainless steel cups and, in turn, support the
iner for the salt at its ends, Figures 5.5, 5.6 and 5.7 are parts
ngs for the internal vacuum hardware. 304 stainless steel was chosen for
ow thermal conductivity property. The supporting cups were also designed
rve a8 dual purpose, that of supporting the heating element and the salt
>, Note clearance conditions for the heater and the salt container were
that the salt container was under the compressive load delivered by the
'8 in. bolts while the heating element was simply cradled.

Calorimeter Design

'he purpose of a calorimeter is to supply measurable amounts of
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thermal energy to the TESC while heating the sample to its melting point and
to exactly meter the heat output during cooling., The calorimeter was designed
to minimize heat losses and to maintain a uniform temperature throughout the
length of the TESC. The particular design shown in Fig. 5.4 has an electric
clam shell heater which is an annular hemi-cylindrical type heater. TESC,
together with the thermocouples, is housed inside the annular region of the
heater shells, The heater and TESC assembly is held concentricaliy between a
close~coiled cooling water coil shown in Fig. 5.8 which in turn is kept inside
the cross chamber. The electrical, water, and thermocouple comnections are
taken out through proper feed-throughs in the vacuum chamber. The cooling
coil is insulated with stainless steel sheet and sluminum foil to prevenat
radiation loss to the outer wall. Convection loss is eliminated by evacuating
the chamber. Radiation is the only mode of heat exchange allowed between the
TESC and heater assembly and the cooling coil. The cooling coil is fitted
with inlet and outlet temperature probes (thermocouples) and flow meter., This
provides an accurate means for determining the heat radiated to it from the
cooling salt., In order to keep the design and assembly simple, the cooling
coil only encloses the longitudinal surface of the cylinder containing the
salt, All heat radiated from the ends is minimized with radiation shields
placed at both ends of the coolimg coil. Radiation shields are also placed
around the outer surface of the cooling coil to reduce heat flow from the coil
to the surfaces of the vacuum chamber. All efforts were made to insure that
all heat leaving the salt sample is absorbed by the cooling coil.

Additional hardware and fasteners were used to locate and support the
cooling coil, The same consideration of minimizing contact points and
reducing heat loss by conduction through the fasteners were used,

The design of the calorimeter required the calculation of suitable
numbers for the following:

1) Electric heater: capacity, type of dimension
2) Cooling coil: flow rate and size

The caloulations are given in the following sections.
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Physical details of TESC known/measured:
Length = 12-1/4 inches
Diameter OD = 1 inch (nominal)
Weight (gross) = 571.2 grams

Weight of salt filling= 225.5 grams?

Material of container= Inconel 617

s With the above data and the preceding data for MgF,-LiF-KF eutectic salt and
Inconel 617, the energy required to heat the TESC to the salt melting point
> . (that is, from 298K to 988K), has been ostimated to be 242.8 watt hour
E assuming no heat losses., If a heat loss of equal amount is allowed from the
outer surface of the clam shell electric heater (which was chosen for its
ready availability and good vacuum functioning) and assuming about 45 minutes
of heating time, the heater capacity is determined to be about 650 watts.
Hence, the clam-shell, hemicylindrical heaters of 375 W, 115 V rating each
could be readily used for this application. The length (12 ian.), ID (1-1/4
in.), and OD (2-1/16 in,) match the heater dimensions. Each hemicylindrical

half has 8 grooves to accommodate the heater coil which insures uniform

[2odll L A

T

heating.

The cooling water coil design was based on the criterion of maximum
energy input to the TESC and minimum temperature differential between inlet
and outlet water temperatures. Maximum output occurs when the TESC is
maintained at steady state above the MN.P. of the TES salt, approximately
725°C. A maximum temperature rise to 363K has been assumed in order to avoid
boiling the water within the coil. With these values the radiated power which
is absorbed by the cooling coil is approximately 905 watts and the cooling
water flow rate necessary is 22 1liters/hour. A constant heat water tank

arrangement provided a maximum flow rate of 40 liters/hour which was adequate
for the present experiment,

L d ——
T Il

Y.

The cooling coil was formed out of annealed copper coil of 3/8 in. tube
diameter and it has 37 close helix turns with 3.5 in. coil ID.

5.2.4 Vacuum Environment

A vacuum environment was necessary for this experiment for two reasonms:
(1) to avoid oxidation of the TESC wall when heated to high temperatures, and
(2) to make the heat balance calculation simpler by eliminating the conmvection

Lautt AL e and 4 AN derente
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mode of heat loss from the TESC assembly to the outside. However, conduction
loss through the thermocouple and power load wires and through the mounting
fiztures were not fully eliminated, but minimized.

The vacuum system shown in Fig. 5.9 employs a varian vacsorb/vacion
pumping unit which provided a vacuum of 10-¢ torr. The cross chamber with a 7
in. ID provides a good spacing and mounting arrangement for the TESC assembly,
The chamber slso provides emough flexibility in comnecting various flanges and
feed—-through such that the experimentation of TESC in horizontal and vertical
modes is possible.

5.3 Experjmental Procedure

5.3.1 Power and Temperature MNeasurement

Electrical power (0-115 AC) to the heater was supplied through a variac
and wattmeter and the input could be regulated depending upon the requirement.
Power input readings on the wattmeter were cross—checked by precisely
measuring the resistance of the heater coil in the steady state conditiom
(x1000K) and the voltage input (V3/R=power).

Energy output through circulating water was obtained by measuring the
inlet-outlet temperatures and the flow rate, The flow rate was measured by
collecting a known gquantity of water from the outlet in a measuring jar and by
measuring the time required with a stopwatch. This method gave more
reproducible readings that those with flow meter (rotameter type) in the water
line.

Temperatures along the lengths of the TESC outer wall were measured with
nine Cromel-Alumel thermocouples. These thermocouples were fadbricated very
carefully to obtain comsistent beads and equal length wires were used to get
oniform resistances. Thin high~temperature type ceramic beads were used to
give rigidity and insulation for the thermocouples, Contact of the thermo—
couple beads with the TESC wall was insured by a strap of stainless steel
strip which was spot welded around the TESC cylinder. In this way the TESC
wall was not damaged. Apart from these nine, one thermocouple monitored the
hester outer surface temperature and two others measured the circulating water
temperature. All the thermocouples were oconmected to the instrumentation
through a junction box, switch, reference Celsius junction unit, digital
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voltmeter and to a printer. Omega company’s reference junction unit main-
tained a constant zero Celsius bath which made the temperature measurement
easy and reliable in comparison to an ice bath, The printer gave the milli-
volt output of each thermocouple which was in turn converted to Celsius with a

calibration chart.

5.3.2 Melting and Solidification

The system was switched on by first starting the vacuum pump. A required
vacuum of 10-5 to 10-¢ torr was attained (actually a vacuum better than 20
millitorr would be sufficient to eliminate convection) by operating the
vacsorb pump and the vacion pump after crossover at 10-¢ torr. The vacion
pump maintained a steady vacuum of 10-% torr. Cooling water was circulated at
a desired flow rate and the heater supply was switched on. Power input to the
heater was increased slowly in steps of 25 watts in order to heat the TESC
assembly at a slow rate. This was essential to avoid any uneven expansion of
components, TESC sample, clamps, holders, etc. and any possible short
circuiting of heater supply or slipping of the TESC from its pivotal supports
within the vacuum chamber, When the TESC temperature surpassed 873K, a
constant desired power input was set and the system was allowed to run
continuously until it reached a steady state. A chart recorder recording the
TESC centerpoint (TC #4C) temperature at s slow speed (chart speed = 1'/hr)
indicated whether steady state had been attained or not.

The experimental procedure was divided into three sequential steps.

1) heating - sensible heat and latent heat addition and melting
2) steady state

3) cooling - latent heat and sensible heat removal

During heating, the thermal energy storage salt receives the sensible
heat until the salt is brought to mnear its melting temperature and when the
phase change or melting takes place, it receives the latent heat. Due to the
cylindrical geometry of the TESC, melting cannot occur instantly. On the
other hand, the ’’melting front’’, called the liquid-solid interface, advances
radially inward., Likewise, in the reverse, when the system gives out its
l1atent heat, a '‘soljdification-front'’ advances radially inward to the center
of the TESC. The time of complete melting or solidification for a given TESC
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configuration depends on the salt composition and latent heat and the guantity
of salt filled in. Since the latent heat of addition/removal takes place at
nearly constant temperature, a melting or solidification curve will provide
experimental verification for the lateant heat value and melting point of a
given eutectic salt.

In the present experiment, the following data are obtained:

1) Steady state loss of the system

2) Melting temperature of TES salt

3) Latent heat of fusion of the salt

4) Time for complete solidification of melt

5) Heat transfer resistance for the system (cylindrical two-way heat
flow model)

5.4 Conclusions and Recommendations
The design of the test apparatus for determining the latent heat of

fusion of the eutectic salt (LiF-MgF,-KF) was strongly influenced by the fact
that the salt was totally contained in a cylindrical envelope capped at both
ends. Since the test sample could not be directly handled or seenm, the
technique of drop calorimetry for testing was ruled out. It was also felt the
test should not damage the salt sample or its container, & consideration based
on the possibility of future testing.

The approach taken for testing was that of heating the contained salt to
some 20K past its melting point and the salt was then allowed to cool at a
controlled and measurable rate. With the use of several thermocouples
attached to the outer surface of the containing cylinder, a plot of the
cooling curve for the salt is thenm constructed (temperature vs, time) as in
Fig. 5.10. The cooling curve indicates the time interval in which the salt is
passing through its phase change (liquid to solid) and giving up its lateat
heat of fusion, The phase change shows up on the cooling curve as the
constant slope portion indicating there is minimum temperature change per unit
time. VWith a mesns of measuring the outflow of heat during this unit of time,
the latent heat of fusion for the eutectic sslt is then determined.

This work preceded the Master's research of MNr. R. Ponnappan, The
experimental setup was relatively successful and leads to useful information
which is discussed in the following two sections.
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VI. PERFORMANCE OF A CYLINDRICAL PHASE CHANGE THERMAL ENERGY STORAGE UNIT
This Section is a paper from the M.S. Thiv.is of Mr. R. Ponmappan which

has been accepted for presentation at the AIAA Aerospace Sciences Meeting in

January, 1982 and will be submitted for publication in The Journal of Energy.
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VI. PERFORMANCE OF A CYLINDRICAL PHASE CHANGE THERMAL ENERGY STORAGE UNIT

6.1 Introduction

The latent heat Thermal Energy Storage (TES) concept is attractive
because of its high energy storage densities over & narrow temperature range.
Promising applications both in space and terrestrial thermal system [6.1,6.2]
are apparent. Eutectic mixtures of fluoride salts have been found to release
energy on the order of 1.25-4.25 GJ/m?® in the temperature range of 900-1000K,
The thermophysical properties of such high temperature Phase Change Materials
(PCM) and the heat transfer characteristics of TES devices containing them are
very important in the design of thermal systems.

The objective of the present work was to design and construct a calor-
imeter system capable of working in a vacuum in order to evaluate the perfor-
mance of a given cylindrical TES unit made of Inconel 617 and filled with the
eutectic mixture of 64LiF-30MgF,—6KF salt, This setup was planned to measure
the melting and solidification temperatures, and the latent heat of fusion of
the fluoride salt,

The data obtained provided a means of verifying an analytical model for
solidification time and surface temperature. The thermal diffusivity of the
PCM at its fusion temperature was calculated from the experimental informa-—

ti... No other literature values were found for comparison.

6.2 Theoretical Considerations of Melting and Solidification in a Cylinder
Analytical methods of solving the moving phase boundary problems range

from the general approximate method of London and Seban 1943 [6.3] to the
Modified Heat Balance Integral (MHBI) method of Tien 1980 (6.4]1. Some of the
other significant works are the Heat Balance Integral method of Goodman 1958
[6.5], the generalized numerical method of Tao 1967 [6.6] and the Enthalpy
Model of Shamsundar and Sparrow 1975 [6.7]. The recent work of Tien on the
solidification of cylindrical samples is an appropriate model for the analysis

of energy extraction for the present TES system.

6.2.1 Problem Formulation
The problem considered is the freezing of an infinitely long cylinder of
molten PCM when the latent heat extraction takes place at its outer surface

with a constant coefficient of radiative heat transfer for the cooling coil of
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the calorimeter. The coordinate system and the boundary conditions of this
problem are set as in Fig. 6.1.
The following idealizations are made in order to represent the experimen-

tal unit into a conmvenient mathematical model:

* the ends of the cylindrical TESC are sdiabatic,

. energy leaving the TESC wall is purely radiative and is completely
absorbed by the calorimeter cooling coil,

. the TESC wall has uniform emittance and an average heat transfer
coefficient Er can be obtained from steady state heat losses,

. energy loss through lead wires and mounting fixtures are negligible
and can be accounted for experimentally;

. thermal capacitive effects of the heater blocks and the TESC wall are
negligible,

. the material (PCM) behaves like a pure substance so that its liquid-
solid transition occurs at a single temperature, that is the melting
point,

. the liquid is at its melting point just at the start of solidifica-
tion which means that there is no heat transfer within the liquid;

» physical properties (a, Cpr P k) are temperature independent and
they are constant for the solid and liquid phases;

* convection effects within the liquid are negligible;

. no supercooling occurs upon solidification.

Under these assumptions, the temperature distribution within the so0lid and the
propagation rate of the liquid-solid interface (or freezing rate) are obtained
from the one-dimensional heat conduction equation in cylindrical coordinates
given by the normalized partial differential equation together with the
initial and boundary conditions as follows:

. 19 (-9T\_ aI
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T=1 atT=¢ (6.2)
. T | o dE —
B.C.: 0 G e at T =C¢ (6.3)
T . _mr at T =1 (6.4)
Jr
1.C: T=1 at T=0 (6.5)

Where the normalization parameters are defined as,

T _ T-T, . -—_r . - e . at
= ’ L » e = — , | J—
Ta~T¢ to Lo £o?
(Fourier Number)
i = B - 1o : 6= L
ks CP(T'_Tc)
(Biot Number) 1/Stefan Number = i

St

Integration of Eqn. 6.1 with respect to T between r = ¢ and * = 1 and using

the boundary conditions gives,

aé _ _ - dg _ =
where o= Il TTdT
€

Equation 6.6 is the integral form of the heat—-conduction equation which has to

be solved for the temperature T and freezing front & by suitable techmniques.

6.2.2 Solution of the Heat Balance Integral

The method of Tien [6.4], MHBI has been used to transform Eqn. 6.6 into s
second arder ordinary differential equation with two initial conditions by as-
suming a quadratic function as the solution for T (e (), ¥). The imitial
value problem obtained has been solved numerically by using the fourth-fifth
order Runge—-Kutta method with an IBN~ANDAHL 360 computer system. A computer
program was written and used im conjunction with a CAN-program called
SUBROUTINE RKF45., The results of this computation are shown later im Figs,
6.10 and 6.11 and discussed under the results and analysis section along with

the experimental results.

112




" ITﬁ vy

W

Ty vnv-,"

L S a2 amn o 4

Y YT

6.2.3 Heat Transfer Resistance
As soon as the solidification process begins, an interface of the solid
and liquid PCM is created which moves away from the original heat exchange
surface. The layer of solid PCM bounded by the wall and the interface offers
a resistance which is a function of time, geometry and material, This resis-
tance for the annular layer of the solid PCH shown in Figure 6.1 can be
written as
£a(%2)

Ry = 2nkg{

(6.7)

2
This is non—dimensionalized by multiplying Rg by the factor kA where A is

the area of heat exchange and V is the volume of the PCM. Hence, the theor—
etical normalized resistance Rﬁ is obtained as
kgA?

RY = Ry = - 2{n(?) (6.8)

which is a function of the location of the freezing front. Ry varies from
zero at the start of the solidification (€ = 1) to infinity towards the end
(g = 0) and this provides the theoretical bound for an ideal cylindrical TES
system.

The quantity & in Eqn. 6.8 can be expressed in terms of a fraction ( )
defined as,

X = weight of the annular layer solidified
weight of the total PCN

r3 ~ g3

To

or X = =1 - g3 (6.9)

Therefore the relation Eqn. 6.8 can be expressed in terms of X as
Rf = -fn(1 -X) (6.10)

Further, in terms of energy extraction from the PCM, the fraction can be

expressed as a time dependent function as

(¢) =1 r&,,ﬂ(t).u (6.11)

Rpc 5
where the integrand represents the latent heat release from the start of

solidification up to any instant of time t within the region of ’’temperature
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arrest’’, Figure 6.9 will compare the theoretical and experimental resistance

values.

6.3  Poxformance of & Cvliadrical TESC

6.3.1 Physical Details of the Sample

The TESC sample is 12 inches long and 1 inch in diameter (OD) and its
cross—section is shown im Fig. 6.2. The container has a longitudinal seam-
welded body and electron beam welded flat end-caps, all made of Incomel 617.
1t has been filled under extreme cleanliness conditions with 225,519 grams of
the eutectic fluoride salt and the total weight is 571.2 grams. The contsiner
design and filling details are given in Ref. [6.8].

6.3.2 Description of the Experimental Setup

The setup comsists of a vacuum chamber - 8 inches in diameter (ID),
cross—shaped stainless steel tubular chamber fitted with detachable vscuum
joint flanges and feed—throughs and hooked to a Vacsorb/Vacion pumping unit of
40 1liter/sec capacity and s calorimeter - comprising of the TESC sample,
electric heater blocks of clamp—shell type in two cylindrical halves, Chromel-
Alumel thermocouple temperature measuring circuitry and instrumentation and
water circulated copper cooling coil. A schematic diagram of the experimental
setup is given in Fig. 6.3,

The calorimeter was designed to minimize heat losses and to maintain a
uniform temperature throughout the 1length of the TESC and had an electric
heater of the semi-cylindrical annular-shell type. The TESC together with the
thermocouples was housed inside the core region of the heater shells and this
whole assembly was held concentrically inside s closely-coiled copper cooling
water coil which in turn was inside the vacuum chamber. The water line, elec-
trical and thermocouple lead connections were taken out through proper feed-
throughs in the vacuum chamber. The cooling coil was insulated with stainless
steel and aluminum foils to prevent radiation loss to the outer wall. Convec-
tion loss was eliminated by evacuating the chamber to at least 10~? torr, The
only mode of heat exchange allowed between TESC and heater assembly and the
cooling coil was by radiation., Figure 6.4 gives the schematic diagram of the
caslorimeter,

114

e . N o . - .- " . o o P N C L. . S et ok, O




d|dwes )31 - 2°9 a4nbiy

AINO Www N

NOISN3WIG TV

85|
SUE
8 bos - \
_ i
dv) aN3 -S|
L Ll L L L2228 220 272877772777, IL

SON3 H108 NO 03G13M Nr\ I* *
“WY38 NOMLOFNI™ 390 19 13NOINI WIO-bSZ CLY

L TFFLLLL.

15




dn 335 |ejuawiuadx3 ay3 4o JljewdyYds  £°9 dunbyy

(LINN dmnd
NOIJVA / BYOSIVA)

NILSAS NANDVA Ol

| - - |
Y3IONVHD 1531 I - ‘
09 cu&8/ ME’|I_
YILNND | ¥3IVvIH TIIHSINY 1D
Awddns
YIIVIH
" N MYLOINI OV
¥3ILIND0A
1910
NOILLONNP
43 ] uve
. ONIUNSYIN
_ _ il INIT ¥3LVM ONM00D
i3
X J
[ 3.4
&2 :
o3 =Sl NV ¥31vm
=N =] ovan 1nvisn0D
YN wel s /1 LI

116




" O

COOL.ING WATER

‘Jy ATey _Tour

l
l
-—J

THERMO -
t COUPLE
LEADS

12 |

iy |

MO
ap
a3
a
|
8
3

RADIATION SHIELDS [\IACUUM CHAMBER
MIN - K INSULATION

ENERGY BALANCE :

1.) STEADY STATE: an = OCAL "’st

2) HEATING : Quy *QcaL * (SH+LH)rgec * Qus
3) COOLING: Qy *0

b gna. ane i SN N

h{

Figure 6.4 Schematic of the Calorimeter with Energy Balance

\ 0 i e ma
NN :

paan an o S &g

117

st AEEE il




oy

The energy required to heat the TESC to the salt melting point (that is
from ambient to 710°C) was estimated to be 242.8 watt—hour assuming no heat
losses. A heat loss equal to that from the outer surface of the electric
heater during a 45 minute heating period produces a calculated power of 650
watts.

The water—cooling coil design was based on the criterion of maximum
energy input to the TESC and minimum temperature differential between inlet
and outlet water temperatures. Maximum output occurred when the TESC was
maintained at steady state above the melting point of the salt (998K). A
maximum temperature rise to 363K was assumed in order to avoid boiling of
water within the coil. With these values, the radiated power absorbed by the
cooling coil was 905 watts and the cooling water flow rate required was 22
liter/hour., A constant-head water tank arrangement provided a maximum flow
rate of 40 liters/hour which was adequate for the present experiment, The
cooling coil was formed out of annealed 3/8 in. copper tube with 37 closely-
coiled helical turns with a 3.5 in., coil ID, Three to four layers of polished
stainless steel sheet wrapped around the cooling coil provided the thermal
insulation at the periphery while MIN-K type high temperature insulation
together with two to three layers of aluminum foil shielded the ends.

A vacnum environment was necessary for this experiment in order to avoid
oxidation of the TESC wall when heated to high temperature and to make the
heat balance calculations simpler by eliminating convection heat losses from
the TESC. However, conduction loss through the thermocouple and electric
heater lead wires and through the mounting fixtures were not fully eliminated
but minimized. The vacuum system was a Varian Vacsorb/Vacion pumping unit
which provided 107¢ torr.

6.3.3 Experimental Procedure

Electrical power to the heater was supplied through a variac and watt—
meter and the input could be regulated. The power input reading on the
wattmeter was counter-checked by precisely measuring the resistance of the
heater coil in steady state conditions (998K) and the voltage input. Energy
output through circulating water was obtained by monitoring the inlet and
outlet temperatures and the flow rate.

Temperatures along the length of TESC outer wall were measured with nine

thermocouples of chromel-slumel type and 20 SWG size. Thin ceramic beads for
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high temperature application were used to give rigidity and insulation for the
thermocouples. Proper contact of the thermocouple bead with the TESC wall was
ensured by a strap of stainless steel strip spot—welded around the TESC. The
thermocouples woere connected to the instrumentation consisting of a junction
box, a switch, a thermoelectric reference junction, a digital voltmeter and a
printer, A continuous charg recording of the TESC wall temperature at a slow

speed of 1’''/hour indicated whether steady state was attsined or not.

6.4 Experimental Results and Analysis

6.4.1 Steady State Losses and Temperature Profiles

Steady state heat losses for the system were calculated by measuring the
heater input and the calorimeter output powers when the temperatures of all
the thermocouples rgmained steady. The difference between the input and
output powers gave the steady state losses which account for the heat lost by
conduction in thermocouple leads, heater electrical leads and the TESC support
pivots and by radiation at the ends where no cooling coils were present,
These measurements were made at different power input levels ranging from
150-600 watts. Tests were repeated several times with inputs sufficient to
cause melting such that repeatability was ensured. Figure 6.5 shows the
steady state losses as a function of TESC wall average temperature. The
losses vary from 25 watts at 723 K to 50 watts at 1023K which is about 8-16%
of the input power. Surface temperatures along the axial lengths of the TESC
were monitored at different conditions of the coolimg cycle. Figure 6.6
provides the representative axial temperature profiles of the horizontal mode
test., The profiles indicate that the temperature remained fairly uniform at
the center section while the end temperatures dropped below the average. The
large gradient was due to the uncontrollable end and lead-losses of the

system,

6.4.2 Melting and Freezing Points of the Salt

The melting point of the salt could not be directly measured since the
salt was in a sealed container, Temperature measurements on the contaimer
wall during heating of the TESC provided an indirect method of obtaining the
melting point, The melting curves plotted for two different heating
conditions are shown in Fig. 6.7 and it can be seen that the Latent Heat
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addition takes place at fairly constant temperatures near 983 + 2K which
corresponds to the melting point. This agrees very well with the results of
[6.9) 986K and of [6.10] 983K. An error of + SK is reasonmable in this value
in order to account for the measurement errors, the temperature drop across

the TESC wall and the non-uniformity in the axial temperature of the unit.

6.4.3 Solidification Temperature

The freezing point may not be the same as the melting point. Differences
arise because of subcooling and the effects of impurities. Melting points are
generally reproducible but freezing points are oftemn not, Figure 6.8 is a
typical solidification curve. The freezing point is approximately the
constant temperature region in which the latent heat release takes place. Due
to the external temperature measurement and the loss of sensible heat from the
solidified shell, the constant temperature rcgion does not appear exactly
constant, As soon as the solidification begins, a shell of solid PCM forms at
the inside of the TESC wall around the core of the molten PCM. When the sol-
idification proceeds with time, the TESC wall temperature cools down even
though the molten core temperature remains constant at the melting point., In
the present experiment it was observed that the solidification started when
the wall temperature was approximately 944K and this value was reproducible
during all the solidification tests (about 23 tests). The solidification
temperature for the same eutectic mixture measured by direct method
(Differential Scanning Calorimetry by Perkin-Elmer Corporation) has been
reported as 955K [6.9] and by an indirect method similar to the present
experiment, by [6.10] as 978K.

6.4.4 Latent Heat and Solidification Time

In the present experiment it was observed that the latent heat release
took place over a temperature range of 25K and the duration of ''temperature—
arrest’'’ was about 10.5 minutes as shown in Fig. 6.8, The latent heat release

was estimated by the simple enmergy balance relation,

Qouedty = mpey L (6.12)
or L = ‘_‘.o.g.lt’_c%‘_i which yields L = 782.26 J/gm.

This value closely agrees with 793.50 J/gm reported in [6.9]). Table 6.1

compares the results of the present experiment with those from the literature.
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TABLE 6.1
THERMOPHYSICAL PROPERTIES OF THE SALT (PCN)

*Results of the present experiment

Serial No. Details Data Source
Name of the salt: LiF-MgF,-KF Eutectic mixture
2 Composition, %: 63.5 - 30.5 -~ 6 (Molar) [6.9, 6.13]
3 Density, gm/cm?
. solid at 25°C T 2,918
liquid at 750°C 2,182 +0.022 [6.13]
4 Conductivity, w/cm°C
at fusion temp, : 0.0711 {6.11]
5 Specific heat, J/gm°C
solid at fusion temp. : 2,025 [6.91]
computed from other data: 3.638 [6.13]
6 "Diffusivity, cm3/sec
solid at 25°C : 0,017 [6.13]
solid at 455°C : 0,009
solid at fusion temp 0.00799*
7 Latent heat of fusion, J/gm
By DTA method 753.6 [6.13]
By DSC method 793.5 [6.9]
Method not known 814,12 [(6.11]
Present experiment 782 .26%
8 Thermal Events:
Melting Point Freezing Point Reference
K K
By DSC method 986 955 [6.9]
By DTA method 981 976 {6.13]
Method Unknown 983 - [6.11]
Present experiment 983+ 944+ -
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6.4.5 Heat Transfer Parameters
: The TESC amd the coolimg coil are raciatively cospled simce the test
i: chamber was evaouwated to 107¢ torr or better., Whea the capacitive effects of
the heater shell oun the heat tramsfer betweon TESC and the coolimg coil were

neglected, the overall heat tramsfor coefficient due to radiatiom was evalu-

. By = LY - (6.13)
(| ATy = Toy)
For the present setup, h, varied from 31 to 42 w/n?°C for Q.,; varying between
562 and 44 watts, i' varied between 1052K and 735K while Ecv = 303K and A =
0.024322 m3,

!l The dimensionless parameter representing the ratio of the internal to the

ated as:

externsl resistance of the TESC defined using the radius of the cylindrical
TES as the significant dimension is the Biot Number and this was calculated as
B ~ 0.065 using the available literature value for k; from Ref. [6.11]. The
Stefan Number which gives the ratio of the heat of fusion to the semsible heat
between the fusion point and the sink temperature was computed as St ~ 3,27 or
G ~ 0,305, This number ropresents s property of the PCM, and PCNs generally
have St values botween O and 4 as noted in Ref. [6.12]., The Fourier Number
representing the non-dimensionalized time required to solidify a given
thickness of salt was the basis for estimating the thermal diffusibility of
the salt,

v lrv- y

Lam

f

6.4.6 Comparison of Experimental and Theoretical Results

The non-dimensionalized resistance to heat transfer Rﬁ and the solidified
or melted fraction of the PCM, X , are plotted (R§ as a function of X ) in
Fig. 6.9. In this figure, the resistance curves obtained for the melting and
solidification processes at different heat flow rates are compared with the
theoretical resistance for the cylindrical geometry. The resistance curves
for solidification follow somewhat closely the theory and tend to merge only
at the end of complete solidification. The reason for the deviation may be
sttributed to the possible non—uniform freezing within the cylinder as it is
evident from the axial temperature profiles shown in Fig. 6.6, The uneven
start of solidificetion directly wviolates the assumption of concentric
solidification and hence results in larger resistance values in actual

experiments, For the same solidified fraction ( X), higher heat flow has
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lower resistance since the heat transfer occurs at nearly the same tempersture
differences.

The resistance curves for melting differ from the theoretical curve.
This is due to the assumption of equal thermal conductivity for the solid and
liquid phases (kg = kf) where in practice it is not true. There are no other
published data for ky for this salt., Using the estimated value of kg, a
correction could be applied in computing Rﬁ for the melting cases as shown in
Fig. 6.9. This correction brings the curves to that of solidification cases.
For the same X, higher heat flow has larger resistance contrary to the
freezing case. This could be due to incomplete and nop—uniform melting., If
the thermal conductivity of the molten salt is accurately known, the resist-
ance values of melting and freezing in & cylinder under identical heat flow
can be estimated correctly. The resistance curves could assist in under-
standing the TESC bebavior with respect to a given geometry and in general
this would help determining proper size and shape.

The analysis for obtaining the location of the solid-liquid interface in
the solidification process in a cylinder has been examined earlier and the
result of the analysis for the present experimental parameters (H = 0.065; G =
0.305) is shown in Figure 6,10 and are compared with the results of Tien [6.4]
for H = 0,5 and G = 1.0. It was determined that the computer program per—
formed as projected in [6.4], and computations were repeated for the H and G
values obtained here. It can be seen that the location of the freezing front
or the solid-liquid interface depends on the H and G values while the initial
slope of the curve at the start of solidification is determined from
g% = - g which is linear and constant for the given H and G, As demon—
strated in [6.4], this computation accurately produces the time at which the
freezing front would reach the center without encountering the problems faced
by some of the earlier semi-analytical works [6.5, 6.6), Since the solidifi-
cation depends upon G (a physical property of the TES) and H (a parameter of
the operating system), it is very easy to compute the freezing front and the
time of complete solidification for any H and G combinations,

6.4.7 Surface Temperature and Freezing Rate
The computer program also allowed computation of the non—-dimensjional
surface temperature T and freezing rate - %% of the TES material as a func-

tion of frozem shell thickness (1-e), The curves obtained for the present
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experiment are shown compared with those of [6.4] in Fig. 6.11. In order to
compare the numerically computed surface temperatures with the experimentally
measured values, the cooling curve temperatures corresponding to the '’temper—
ature-arrest’’ region were plotted after normalizing in Figure 6.11, Since
there was no possibility of experimentally measuring the frozem shell thick-
ness (1-g), the abscissa for the experimental T was taken as the theoretical
value corresponding to t from Pig. 6.10. The experimental surface temperature
tends to drop more slowly than that of the amalytical prediction towards the
end of complete solidification. This deviation could be attributed to the
unaccounted thermal-mass of the TESC metal wall and the heater blocks present

in the system.

6.4.8 Thermal Diffusivity of TES Salt

The thermal diffusivity, a of the TES material was obtained from the
relation a = E%E . Substituting the values obtained from Fig. 6.10 as
T = 3.12 for complete solidification and from Fig, 6.8 as t = 10,5 minutes,
a for the 2.54 cm diameter TESC is determined to be 0.00799 cm3/sec. This
value corresponds to the fusion temperature of 944K and it lies close to the

value ajzgg = 0.009 cm?/sec reported in [6.13].

6.5 Conclusions

In the present work, a calorimeter system capable of working in vacuum
was designed and assembled to evaluate the heating and cooling characteristics
of a cylindrical Thermal Energy Storage container filled with a eutectic
mixture of 64LiF-30MgF,-6KF salt, Thermal datas of the salt namely, melting/
freezing points, latent heat of fusion and diffusivity were determined from

the experimental data, The results were as follows:

* Melting temperature = 983K

- Freezing temperature = 944K

+ Latent heat of fusion = 782,26 J/gm

+ Thermal diffusivity at the fusion temp. = 0.00799 cm3/sec

The first three values corroborated with literature values. Thermal diffus-

ivity was not available,
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The Modified Heat Balance Integral method of Tien [6.4] was successfully
used to predict the solidification time and the surface temperature of the
cylindrical TES unit.

A dimensionless factor for heat transfer resistance (Rﬁ) was defined for
the cylindrical geometry and the experimental resistance factors for melting
and freezing were evaluated and compared with that of the theoretical bounds.

It was demonstrated that the thermal diffusivity of the PCM could be
computed from the Fourier number if the time for complete solidification was
available from the experiment as well as from the anslytical solidification

model.
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VII. PERFORNANCE OF A CYLINDRICAL PHASE CHANGE TES UNIT TO DETERMINE
CONVECTIVE EFFECTS IN THE SALT

7.1 Introduction
This work is a direct follow—on to the M.S, Thesis research of R,

Ponnappan presented in Section 6.

The thermal energy is stored in a cylindrical capsule of Inconel 617
alloy containing 225 grams of 1lithium fluoride, magnesium fluoride and
potassium fluoride whose molar composition is 64 LiF-30MgF -6KF (7.1].
Melting and solidification cycles have been performed in the vertical and
horizontal modes. The experimental setup consists of a vacuum chamber
containing the storage unit and a calorimeter. The thermocouples record the
capsule wall and cooling water temperatures at different locations.

The principal aim of this work is to present experimental results for the
melting point, freezing point, solid~liquid phase change enthalpy (latent heat
of fusion) and range of temperatures for change of phase for the capsule in

the vertical and horizontal positions.

7.2 Analytical Model

A simple analytical model to obtain the heat capacity (pcp) of the unit
is based on one dimensional, non—steady heat conduction approach, and assumed
to be an infinitely long cylinder (30.5 c¢m in length, 2.54 c¢m in diameter)
under constant heat flux conditions. The temperature distribution for the

capsule before the change of phase is given by:

aTe _ 1 3 ( ,3T*\ 2T+ =0 ; a1+ _R dout
3F, r®* Jr* dre are |re*=0 ar* r*=1 k To-T,
Where the dimensionless parameters are defined according to
T-T . | J< T
® = o = = =
T m, Fo R’ » r R (2)
S

The dimensionless temperature distribution for the surface £* =1 is

©
* = - E -)“ FO
T 2F, + % no -% e M (3)
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genvalues are given by Jl(ln) = 0. Numerical analysis 2 shows that for
r numbers (F,) greater than 0.17 the series in (3) can be neglected and
'ror involved is smaller than 2%. For Fourier numbers greater than 1/8,
mstant 1/4 can also be neglected and the dimensionless temperature dis—

ion at the surface becomes

1 dout Xt (4)

® = M =
T+ = 2F [ T(6) = To gy dout

simple analytical linear model can be easily related with the experi-
response for heating and cooling processes where a linear relation
n temperature and time has been found., From the comparison of analyti-

nd experimental slopes (E) the thermal capacity of the unit can be

= dout - = 1 qﬁu;
Me "R!r _pc‘) ] pcp _mﬂ o (5)
* calculations, axial conduction and free convection have been neglected.

Results

n the present experiments, melting and solidification points can not be

ly measured. Temperature measurements on the container wall during

g and cooling provide an indirect method of finding melting and freezing
Two melting curves for the unit in vertical and horizontal positions

own in Fig. 7.1. It can be seen that the latent heat addition takes

at fairly constant temperature around 710°C which corresponds to the

g point,

ne solidification curve for the unit in the horizontal position and one
vertical position are shown in Fig. 7.2. The solidification temper-

ras found to be around 943K.

he latent hest of fusion (2) was calculated from the energy balance:

_ dout Atf _ 315[% 5 9.7 60[8]
n 225.51gz)

L = 780[J/gr] (6)
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In the experiments, it was observed that the latent heat release takes place

over a range of 30K. The thermal energy properties of this unit are presented
in Tables 7.1 and 7.2.

Table 7.1 Solidification of 64Li-30MgF,-6KF

pCp [KJ/m* °C]

Position |, [1/hr)|qonelw] | AT p[°CT | LI3/g4] | TRIOCT | (pCp)1 (pChlep (pCh)g

Horizontal 7.1 315 34 781 668 2,650 10,160 3,410
Vertical 41.4 265 30 172 669 2,940 9,465 3,150

Table 7.2 Melting of 64LiF-30MgF,~6KF

Position hy[1/hr] | gjnlw] AT 51°C] | Tm{oC]

Horizontal 22.9 60 6 708
Vertical 36.4 105 6 702
7.4 Conclusions

This study shows that the eutectic fluoride salt can be a good candidate
for thermal energy storage at high temperatures, because it has a very high
latent heat of fusion and small range of temperature change during phase
change. The position of the unit does not effect the results for the
solidification case, therefore, we can conclude that natural convection does
not play an important role for this case., However, for the melting case, as
the temperature becomes higher than the melting point, natural convection

effects can be very important,
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VIII. FAILURE EXAMINATION OF INCONEL 600 - EUTECTIC FLUORIDE THERNAL TEST
CAPSULES
8.1 Introduction

Nine Incomel 600 capsules were fabricated and charged with fluoride
salts. Each of the eutectic salts, LiF-MgF,, LiF-MgF,-NaF, and LiF-MgF,-KF
were put into three capsules each, with the intent of life testing the array
with a three fold redundancy for corrosion or failure comparisons. The
capsules were 3 in, long and 1 in., in diameter. The capsules were fabricated
and the salts were charged by the University of Dayton Research Institute. A
complete report on capsule fabrication was not prepared, but similar work
preceding this was reported in Ref. [8.1]. The main difference between the
earlier report and the capsules tested here were that the material was changed
to Inconel 600, and end caps were heli-arc welded rather than electron beam
welded. The result was that the capsules contained an atmosphere of air om
final weldment. The completed capsules were then put on life test at WPAFB,
AFAPL Thermal Laboratory, in a superalloy-vacuum tube furnace. The temper-
ature gradient from end to end of the furnace approximately matched the
eutectic melting ranges of the three salts. The capsules were placed
physically on a pure quartz ‘’boat’’ which was a quartz tube cut in half
lengthwise.

Following evidence of container failure, the entire system was evaluated
visually and documented photographically. Failed capsules were cross—
sectioned and examined metallographically including end caps, tube sections
and weld 7z---es, Salts remaining inside and ontside the capsules were examined
metallographically, As-received Incomel end cap and tube material was
examined metallographically and by microprobe analysis. Unused salts were
also examined by microprobe. Both containers and residue salts were evaluated
extensively on the microprobe to determine impurities, metal porosity,

diffusion and other high temperature related phenomenon.

8.2 Initia]l Post Test Observations

One hundred and two cycles and 315.4 test hours were completed when it
was noted that thermocouple No. 7, at the cool end of the array (Fig. 8.1) was
not producing a reasonable temperature reading. At that time the test was

interrupted to examine the test samples and the failure of some of the
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capsules was discovered. LiF-MgF,—-NaF samples 1, 2 and 3 and LiF-MgF, samples
4 and 5 appeared to have lost salt through the containers by some mechanism,

In accordance with Fig., 8.1 from left to right, the sample array
displayed the following characteristics which are also shown in the
photographs.

Figure 8.2 Shows the TES capsules, thermocouple bundles and vacuum
chamber end plate as removed from the vacuum chamber. Figure 8.3 shows that
thermocouple bundles and radiation shield plate were covered with a pure white
fine grain deposit. The deposit did not extend up to the first capsule
though.

Figure 8.4 shows the leakage deposit which covers the end portions of
Capsules 2 and 3. The region between 1 and 2 was also solid with deposit as
well as that between 2 and 3. The residue wicked over much of the capsule
length along the bottom and over one third of the length on top of Capsules 2
and 3. The heaviest deposit appeared between 2 and 3.

Figure 8.5 shows one section of the quartz boat in which the capsules
were placed. The deposit from 2 and 3 is also evident here. The quartz was
also etched uniformly, Capsule 4 showed no deposit while 5 and 6 appeared to
have single small deposits on one end cap.

Samples 7, 8 and 9 in Fig, 8.5 had ’'’'etched metallic appearing’'’ surfaces
as compared to the usual darker capsule surfaces, and no deposits were observ-
ed, Samples 1, 2, 3, 4, 5 and 6 appeared to be lightly oxidized. At the
right end of the chamber a hemispherical radiation shield seen in Figs. 8.3
and 8.6 was found with a heavy deposit similar to the thermocouple bundles at
the opposite end. The deposit on the shield displayed two characteristic
layers, a dark layer of about 1/64 in, on the shield followed by a pure white
layer of similar thickness on the outside.

All thermocouples appeared to be firmly attached to the capsules. Ther-
mocouples on 2 and 3 were encrusted in salt. Number 7 appeared undamaged and
no salt was in the vicintiy of the contact area. Each of the fabricated
capsules (tested and un—-tested), had a noticeable doming effect on the end
caps. Capsule design should have provided adequate allowance in the end cap
fit so lack of tolerance could not have been a factor in the deformation,
Internal hydrostatic pressure from the air remaining in the capsules during
final end cap welding could be sufficient for doming. Salt volumes were

sufficient to fill the capsules upon melting.
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Fig. 8.2 TES Capsules Array Removed From Vacuum Chamber
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Fig. 8.3 Deposit on Thermocouple Bundles
and Radiation Shield
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Fig. 8.4 Deposition on Capsules 2 and 3
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Visual inspection of the capsule exteriors indicated failures of Capsules
1, 2, 3, 5§ and 6, The pattern of the deposit on the capsules suggested
pinhole failures in the end caps. There was also a bubble formation between
the adjacent Capsules 2 and 3. Capsule ends are designated A (Right) and B
(Left) in sequence 1 through 9. Macrograph 8.7 shows the left end of Capsule
1. The salt formation with the nodule in the center of the deposit stromngly
suggested pinhole failure. The right end of Capsule 1 in 8.8 shows a more
general salt deposit as salt had wicked between and covered the right end of 1
and the left ends of 2, in Fig. 8.9. Figure 8.10 shows the right end of 2,
The left end of Capsule 3, macrocraph 8.11, also shows a very ragged weld
zone, Capsule 5 left end, shown in Fig. 8.12 also displays a salt deposit

geometry which might lead one to suspect pinhole failure,

8.3 Sample Cross-Sectioning and Visual Examination

Each capsule was identified with an A (Left) for the end facing the
thermocouple feed—through end plate. The B (Right) end is opposite.

Capsule 6 was sectioned immediately after the test and was cut by hacksaw
on the diameter so that approximately 0.75 in. was left attached to the end
caps. The center section remaining was then cut longitudinally into two equal
pieces and the salts were removed. The cuts are shown in Fig. 8.13,

The other samples were sectioned either on 2 lathe with a cutting tool
and the final cut-through was made with a hacksaw, or, the parts were cut with
a hacksaw exclusively., Cutting fluid and increased temperatures by cutting
were avoided. Some of the end caps were left intact and polished without
mounting material, Smaller sections of weld areas and capsule walls were
mounted in Bakelite for metallographic examination,

Specimens were ground with 120, 240, 320, 400 and 600 carbimet papers and
with 2/0 and 4/0 emery papers. They were then polished with 6 micron diamond
paste and final polished with ,05 micron alumina with distilled water.
Careful cleaning between each step was observed.

Existing etchants failed to reveal  uniform microstructure and

experimentation resulted in the following successful procedure:
1) 10% HC1l solution immersion for one minute

2) Vash with distilled water and dry (This portion of the procedure
activates the passive surface of this metal)
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Fig. 8.7 Capsule 1 Left End (2.5X)

Fig. 8.9 Capsule 2 Left End (2.5X)
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Fig. 8.8 Capsule 1 Right End (2.5X)

Fig. 8.10 Capsule 2 Right End (2.5X)
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Fig. 8.11

Capsule 3 Left End (2.5X)
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Fig. 8.12 Capsule 5 Left End (2.5X)
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3) 10 ml1 H,0, (30% hydrogen peroxide), 6 drops HF (hydrofluoric
acid) ~ this etchant requires 2-3 minutes on Inconel 600 in the
'"as~received’’ condition and 8-10 minutes on material which has
been heat treated

4) Neutralize with 2% solution of sodium bicarbonate
5) Wash and dry specimen

It is advised to check the etching action every two minutes to obtain the
degree of etching desired. This is a slow etchant but can be well controlled.
Another half minute of 10% HCl wash might be necessary to activate the surface
again before final results are obtained. This etchant provides a uniform,
well defined and unstained microstructure.

The salts were removed from the capsules and samples were cold mounted in
Buechler Plastic Powder #20-3552 mixed with Plastic Liquid #20-3554AB, No
water was used during the grinding operations. The mounts were cleaned by
wiping with clean soft 1lab towels and pressurized air. They were final
polished with a very light spray of 1 micron diamond on Texmet paper followed
by careful cleaning with ethanol. Water could be used on the salts in
Capsules 1, 2, 3, 4, 5 and 6 without deterioration. When 0.05 alumina was
used as a final polish, the structure was not as well defined. No etching was

required,

8.3.1 Macroscopic Observations of Cross Sections

Internally, the frozen salts occupied from ome half to two—thirds of the
capsules. The single exception was Capsule 3 which was approximately 30%
filled. Macrograph 8.14 is a cross section of Capsule 4 which shows that the
capsule is somewhat greater than half full, Macrograph 8.15 shows the post-
test salt remainder in Capsule 3.

Capsules 1, 2, 5 and 6 had continuous black deposits on the frozen salt
surface, In all the salts except ome there was a region of dark deposit at
the bottom of the capsule. These deposits are shown in Fig. 8.16, Capsule §
end B, and in Fig. 8,17, Capsule 7 end A. The bottom deposits ranged from
1/64 in, to 3/32 in, in maximum depth. Some of the bottom deposits appeared
to have metallic inclusions and can be seen as dark spots in the dark layer in
Macrograph 8.16,

Capsules 7, 8 and 9 had spotty dark deposits on the surface as seen in

8.17. These salts also appeared white with homogeneous ceramic—-like surfaces
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Fig. 8.14 Capsule 4 Left End
(2.5X)

Fig. 8.16 Capsule 5 End B (3X)

Fig. 8.15 Capsule 3 Right End (2.5X)

Fig.
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8.17 Capsule 7 End A (2.5X)
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which formed voids during freezing. Macrograph 8.18 demonstrates the void
formation quite visibly and also shows dendrite formation on both upper and
lower surfaces of the void. The salts were also found to be extremely
brittle,

The salts in 1, 2, 3, 4, 5 and 6 appeared gray, grainy and crystalline as
shown in Macrographs 8.14, 8.15 and 8.16. Salts 4, 5 and 6 also displayed
very large dendrites when the salts were viewed from the top as in Macrograph
8.19., Figure 8.20 shows the salt removed from the capsule and the dendrites
are also evident. The black (bottom surface) layer is also clearly evident in
the salt from Capsule 4 in this macrograph.

As stated in Section 8.2, the salt formations on some end caps would lead
one to suspect pinhole failure. Subsequent polishing with removal of the
surface salts did not reveal the anticipated ''holes’’.

Radiographic x-rays were taken of all the end caps to determine weld
integrity. Some of the welds were visibly rough and shallow and were suspect
for possible leakage of the molten salts. End cap 3-A was an especially poor
weld. The x-ray evaluation and inspection did not reveal any weld breach.
Generally all the samples did demonstrate poor weld penetration,

The capsule walls and end caps were also tested with fluorescent dye
penetrant. North American Dye Penetrant No., P6-F4 was used. In Figures 8.21,
8.22, and 8.23, the macrographs were taken under black light in order to show
the penetrant indications., The dye sites are white on the photos. A red wax
pencil was used to highlight the indications for metallographic precision
grinding. The same dye penetrant was used hot at approximately 340K to
further enhance and locate any '’continuous hole’’ porosity. This testing

failed to reveal any positive leak locations,

8.4 Microscopic/Microprobe Observations

Micrographs were taken on a Zeiss Bench Metallograph at magnifications
from 100x to 1000x. Electron microprobe work of =x-ray mapping, x-ray
backscatter images, scanning electron microprobe images (SEM) and energy
disﬁersive x-ray analysis were accomplished with an ETEC Autoprobe, X-Ray

Energy spectrometer 5100C and Kevex Display Unit,
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Fig. 8.18 Capsule 8 Right End
(2.5X)

Fig. 8.20 Capsule 4 Salt (Side)
(2.5X)
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Fig. 8.19 Capsule 4 Top (3X)

Fig. 8.21

Pore Dye Penetration,
Capsule 5 Left End (2X)
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Fig. 8.21A Pore Dye Penetration Fig. 8.22 Crack Dye Penetrant
Capsule 6 Right End (2X) Capsule 1 Right End (2X)

Fig. 8.23 Top: Capsule 9 Dye Penetrant (2X)
Bottom: Capsule 5 Black Light (2X)
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8.4.1 Containment Material

The micrographs indicated a typical fine grained Ni-Cr-Fe solid solution
Inconel 600 microstructure with particles of chromium carbide (globular) and
titaniom nitride (rectangular) inclusions, The carbides formed an almost
continuous network at the grain boundaries, There was also notable porosity.
Grain boundary and clustered carbides are shown in Figs. 8.24 and 8.25.

Metallographic and microprobe examination of the ’'’'as-received’’ material
revealed the same characteristics as the fabricated pre-test samples and the
post—test specimens. The un—-processed bar stock and tubing had smaller but
similar porosity and inclusions, The bar stock is shown in Fig. 8.26. Etch-
ing removed the carbide particles. There were larger grains on one side of
the cross section than in the balance of the bar., This condition indicated an
uneven cooling of the bar after processing, Further heat treatment would be
required to ascertain uniform grain size in the end caps machined from this
stock,

The porosity was seen throughout the capsule material, In the tested
sample end caps this porosity increased in occurrence at spproximately 1/8 inm.
from the edge. This concentrated defect could have been a result of elevated
temperatures in the weld zone. The capsule wall cross sectionms showed more
porosity than the end cap cross sections.

Micrographs 8.27 and 8.28 are from Capsules 2 and 3 st 100x and 160x. In
Fig. 8.28 typical porosity and inclusions are shown while in 8.28 an isolated
large void is seen. Similar micrographs as shown in Fig. 8.29 at 700x, were
produced with the microprobe. The porosity in this material had various
shapes: round, elongated and irregular, There seemed to be no location
preference and some pores were clustered and some were found along grain
boundaries and some were intergranular.

Part of the porosity could have been the result of inclusion removal
during polishing. ©Fig, 8.30, for example, shows a nitride particle with an
adjacent hole., Fig. 8.29 also shows the extensive array of carbide particles
which have migrated to the grain boundaries. Both carbide particles and one
large nitride particle are shown in Fig. 8.31. 1In this photograph twins are
also evident in the grains.

The as-received tubing showed a typical microstructure. The inside
surface appeared rough as well as the outside surface. There were also some

small cracks nesr the edges of the cross section. Fig. 8,32 represents a
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Fig. 8.24 Capsule 5 Left End
(160Xx)

Fig. 8.26 Inconel 600 Bar Stock
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Fig. 8.27

(400X)

Capsule 2 Right End Cap
(100X)
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Fig. 8.28 Capsule 2 Right End Cap Fig. 8.29 Capsule 2 Left End

(160X)

Fig. 8.30 Capsule 6 Left End Cap, Fig. 8.31
Microprobe (3000X)
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Microprobe (800X)

Capsule 2 Left End Cap,
Microprobe (3000X)
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Fig. 8.32 As Received Tubing Edge,

Microprobe (1300X

y Fig. 8.33 Post Test LiF-MgF,.

Capsule 6 (100X)
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Fig. 8.38 Post Test LiF-MgF2-
Capsule 6 (100X
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typical view of the inside edge. This rough surface could provide more salt

corrosion initiation sites,

8.4.2 Eutectic Salts

The thermally cycled systems of eutectic salts have a unigue and
distinctive microstructure. Each of the three compositions can be individ-
ually identified. They do not show a complete homogeneity, but form typical
eutectic microstructures,

There is a visible macroscopic and microscopic difference between the
body of the salts shown in Figs., 8.33, 8.34 and 8.37 and the dark areas
visible on the frozen surface or at the bottom of the specimens as shown in
Figs. 8.34, 8,36 and 8.38, The grains in the dark areas are smaller and have
a change in structure. There are also more numerous solid composition
islands.

Micrographs of the LiF-MgF, salts in Capsules 4, 5 and 6 showed nodular
and elongated magnesium grains with scattered solid composition irregular
shapes as in Fig. 8.33. Capsules 1, 2 and 3 contained LiF-MgF,~-NaF salts as
shown in Fig. 8.35. The salts formed a rectangular pattern of striated and
dendritic type structures. The third system containing LiF-MgF,-KF is shown
in Fig. 8.37, These salts froze in a geometric dendritic and striated

pattern,

8.5 Microprgebe Evaluations and Analysis

Samples of the as-—received, as-fabricated and as-tested capsules and
salts were evaluated by microprobe.

The as-received material was quantitatively ascertained to be Inconel
600, In addition to the expected composition of Chrome~Iron-Nickel there was
0.2 Titanium and 0.2 Aluminum, Other trace elements were not quantified.

In each Inconel 600 sample calcium was found. This was associated with
the pore or inclusion sites., Mounting material was changed from Bakelite to
transoptic and polishing procedures were changed, but the Ca impurity was
still present. Calcium is a solvent for nickel, This impurity in the Inconel
600 would affect the corrosion resistance in material subjected to thermal
treatment and could have been one of the factors in the capsule failure.

The capsule end caps, sidewalls and weld sections were analyzed. The Ti

nitrides, carbides and porosity along with the Ca impurity were photographed
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8.35 Post Test LiF-MgFj-
NaF, Capsule 2 (180X)
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8.37 Post Test LiF.MgFa.
KF Capsute 9 (100X)
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Fig. 8.36 Post Test LiF-MgF,-
NaF Capsule 2 (108X)

Fig. 8.38 Post Test LiF.MgFa.
KF Capsule 9 (100X)




and documented on the image analyzer. X-ray scans were taken to note the
elements present at specific sites. X-ray mapping delineated the type and
amounts of selected elements in the pores.

The capsule inside walls were inspected for corrosion depth. As
mentioned above, the final material processing left a rough surface and some
grain damage. The salt corrosive action smoothed some of the walls but also
penetrated the surface at the grain boundaries. The unpenetrated weld areas
were filled with the salts, Salt elements were found two to three microns
beyond the damaged grainms.

It was determined by x-ray scans and x-ray mapping that the as-received,
as—fabricated and as-tested salts contained a calcium contaminant. The
calcium was found in the MgF, salts which was used in all the test samples.
The calcium was found to be integral with, but not combined with, the
magnesium, As stated above, calcium reacts with nickel; the calcium impurity
was considered an important factor in the test results, Further testing will
require ultra-pure salts,

Through the microprobe analysis it was determined that the dark band on
the bottom of the salts contained Fe, Cr, and Ni. These main composition
elements of the Inc-600 were leached from the capsule material and settled on
the bottom as the salts froze.

A section of the quartz furnace shield, salt samples from the furnace
thermcouples and other samples of the deposit inside the furnace were also
analyzed. All the salt-like deposits contained Mg, F and Na. These were the

salt components in the capsule group 1, 2 and 3.

8.6 Salt Leakage Path in Capsule 1 Left End Cap

As described earlier, the leakage salt patterns on the end caps suggested
that a pinhole type failure was involved in the failures. Microscopes and
microprobe examinations at high magnifications revealed a good deal of
porosity, but no distinct ’‘’'hole’’ as would be associated with a pinhole.

By shear luck, a cross section of Capsule 1 Left End Cap exposed what
appeared to be a pinhole through the cap, as shown in Figs. 8.39 and 8.40

Extremely careful metallographic polishing procedures revealed a complete
linear array of pores, completely through the end cap, providing conclusive

evidence of the path for salt leakage from the capsule,
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- Fig. 8.39 As Sectioned Capsule 1
¢ Left Eng Cap (10X)
:
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Fig. 8.40 As Sectioned Capsule 1
Left End Cap (25X)




Microprobe analyses are shown in Figs, 8.41, 8.42 and 8.43. Figure 8.41

backscatter picture showing the linear appearance of the system and also

variation in grain apearance near the fault as compared with the adjacent

ix. Figure 8.42 is a microprobe micrograph of the failure at 1100x. This
rly shows the interconnected pore network that constitutes the 1linear
t. Figure 8.43 is a composite picture showing the complete path from one

of the end cap to the other. It is interesting to note the macroscopi-
y straight path formed by the microscopic voids. Other voids are apparent
ther areas away from the fault, but clusters of such voids seem not to be
ent elsewhere. The spread of the voids is also quite narrow and
istently so, although more spreading is observed at the bottom edge.

It is not clear if this failure is due to manufacturing processes, a
anically aligned array of impurities such as calcium particles, or a
mal corrosion phenomenon.

If an internal corrosion mechanism were at fault, it would seem that the

thin weld sections would be the first to fail. The tubes, or sidewalls

demonstrated no apparent failures. The end caps thus become suspect for
ons other than a pure metal corrosion failure. The short lifetime of 315
s would also suggest a nearly immediate failure considering the pore size

the amount of salt rejected from the capsules,

Conclusions

The salt leakage path discovered in the end cap of Capsule 1 provides the
'r to how the salt was leached from the capsules. The vacuum, external to
:apsules and the expansion of the salt upon melting probably accelerated
alt removal, The high vapor pressure salts and components evaporated and
nsed on the cooler portions of the system as determined visually and by
probe analysis.

The existence of the pore path through which the salt passed is clear,
he way in which this path came into existence is unclear. The multiple
res which were found all appeared to be through the end caps. The end
were all cut from the same wrought bar stock., It is possible that the
ity chain shown in Fig. 8.43 was the result of the manufacturing
tises in drawing the bar stock or might have been a nonhomogeneous align-
of a component (possibly calcium contaminant) which resulted in a

iive interaction with salt, providing the salt exit path, The extensive
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Fig. 8.41

Capsule 1 Left End Cap Failure,
Microprobe Backscatter (80X)
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Fig. 8.42 Capsule 1 Left End Cap Failure,
Microprobe (1100X)
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Fig. 8.43 Capsule 1 Left End Cap Failure
Composite Microprobe (50X)
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porosity in the as-received material might point to the pre—existence of this
pore path through faulty fabrication.

Another important consideration in the failure of the capsules reflects
upon the manner in which they were fabricated. The salt filling procedure
included melting the salt, in the capsule, in air. The final heli-arc weld
was also completed in air. Oxygen has been demonstrated to create a highly
corrosive enviromment with 304 stainless steel. The residual oxygen in the
capsules could have been instrumental in the failure if it was corrosion
related, The very thin metal thicknesses in the weld areas would seem to be
likely 1locations for corrosion produced pinholes as opposed to the thick
section of the end caps.

The microprobe analyses of the salt near the capsule walls showed that
Fe, Cr and Ni were leached into the salt., It is not known how the oxygen or
nitrogen might interact in this corrosion. It is also not possible to deter—
mine the extent to which this salt-wall leaching would proceed or how it would
affect the lifetime of such a system, or its long term performance.

The Inconel 600 was contaminated with calcium, as well as some of the
salts. Titanium oxides and carbides were also found in the metal. Calcium
was associated with much of the porosity found and it is not known if or how
the calcium might have been responsible for the porosity except that it is
known that calcium will dissolve nickel., The magnesium fluoride as—received
material was found to be contaminated with calcium, thus all capsules were
contaminated since magnesium fluoride was part of each compositien.

The capsule end caps were all buckled outward somewhat indicating that
the expansion of the salt upon melting must have caused some deformation at
operating temperature., Jt is not felt that this would have contributed to the
failure,

Inconel 600 does not have the high temperature properties of such alloys
as Inconel 617, It has good resistance to oxidizing and reducing and
corrosive enviromments at high temperature. Inconel 617 has no iron but has
additions of cobalt, molybdenum and aluminum. It has optimum high—temperature
mechanical stability with excellent cyclic oxidation and carburization
resistance to 1350K, Stress rupture resistance is good up to 1150K. The
properties of Inconel 617 are superior to 600, but it is not clear that
Inconel 600 would not be satisfactory for some applications. The corrosion

and life capabilities of Inconel must be established conclusively. Ultra pure
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salts should be used and welding procedures should be developed and refined to
eliminate structural changes, contamination and mechanically weak sections.
Bighly controlled heli—arc inert gas or electron beam welding are suggested.
Processing of the salt should also be performed by providing a high
vacuum (10”¢ torr or less) atmosphere over the molten salt in the individual
capsules. This can be accomplished following salt loading and end cap welding

by supplying a valved appendage which is pinched and welded off following

processing.
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IX. LITHIUM FLUORIDE-SODIUM HEAT PIPE THERMAL TRAIN SUBSYSTEM LIFE TEST

9.1 Introduction

A report entitled '’'Thermal Train Subsystem for a Solar Collector Thermal
Power System’’ was prepared in December, 1971 by the General Electric Company
for Electro Optical Systems. The report described the experimental evaluation
of component performance of the thermal train subsystem for a solar collector
thermal power system [9.1]. A series of heat pipe thermal storage units were
constructed by General Electric and operated in air for 100 simulated cycles
of 100-minute duration with 65/35 (sun/shade) periods. These tests consisted
of a primary heat pipe coupled to a secondary heat pipe which contained
thermal storage materisl (lithium fluoride) with a cylindrical container
cartridge. The cylindrical cartridge geometry was designed for, and
demonstrated as a method of, compartmentalizing the thermal storage material
while permitting easily fabricated and loaded thermal emergy storage capsules.
Additionally, the thermal behavior of the system could be varied by changing
the cartridge diameter in scaling up to larger storage capacity by increasing
the number of cartridges. The ultimate goal of this program was to
demonstrate the performance of the thermal energy storage sodium heat pipe
subsystem with subsequent 1life testing of the systems to demoanstrate
compatibility of both the 1lithium fluoride and the sodium with their
respective contajinment materials.

Subsequent tests with calorimetric measurement of power output were
performed both by General Electric and later by Electro Optical Systems. A
second category of testing with the different subsystems was to denote
cartridge geometry optimization tests involving investigation of the cyclic
thermal behavior of two heat pipe thermal storage units with different
cartridge diameters, A further goal in the cartridge geometry test was to
explain on a theoretical basis the variation in temperature observed during
the heating and cooling portions of the cycle and to determine the dependence
of that variation on both cartridge diameter and heat flux. These particular
goals were met by General Electric and Electro Optical System in works which
have been reported [9.1, 9.2]. The first report is primarily concerned with
the further life testing of ome of the units which has been going on for
different periods through the last ten years,
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One of the subsystem units which consisted of a sodium heat pipe with
three lithium fluoride capsules inside the sodium heat pipe were tested by

Arizona State University starting in June, 1978,

9.2 Subsystem Description

The subsystem tested by Arizona State University comsisted of & sodium
heat pipe 2.25 in, in outside diameter and 20 in. long. It was constructed of
type 321 stainless steel, The heat pipe contained three lithium fluoride
cartridges 0.81 in, inside diameter and 10 in. long., Each cartridge contained
134 grams of lithium fluoride so that the total quantity in the three car-
tridges was 402 grams. The latent energy of 402 gms of LiF is 4.2x10% Joules.

The wicking in the sodium heat pipe portion of the subsystem consisted of
five layers of 100 mesh type 304 stainless steel screem which formed the main
reflux wick lining the interior wall of the heat pipe. Each lithium fluoride
cartridge was wrapped with three layers of 100 mesh screen. Fig. 9.1 shows
the interior of this particular test unit showing the three lithium fluoride
thermal storage cartridges and part of the wick structure surrounding those
cartridges and connecting it to the larger heat pipe containment. Several
wick layers were forced between the cartridges where they contacted each
other, thus holding the cartridges against the outer wick. Short pieces of
wick were then spot welded to the ends of the cartridges and to the wall wick
to hold the cartridges in position, Two General Electric semi-cylindrical
wire wound heaters, Lindberg Type 3708-SP, provided radiant heat input to an
8-in. length of the heat pipe. A number of thermocouples were attached to the
heat pipe in order to determine the performance of the system during heating
and cooling.

At Arizona State University thermal cycles were performed on a daily
basis, heating in the morning and turning the system down in the evening. At
General Electric and at Electro Optical Systems, thermal cycling of the test
systems simulated a near earth orbit (400 NM) of & 100-minute period, with
65-minute solar illumination and 35-minute eclipse. At Arizons State the
cycles were not performed in this manner.

On January 23, 1974, the thermal energy storage unit was shut down at GE,
The unit had operated without interruption from February 14, 1973 to January
23, 1974. At the time of test termination the unit had gone through 3,150
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Figure 9.1 Interior of TT3 Test Unit Showing Three LiF Thermal
Storage Cartridges. Heat Pipe OD Is 2.25 Inches
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cycles of charging and discharging of the thermal energy storage material.
The initial cycles had lasted 206 minutes, while at the end of the test the
cycle time had stabilized at 70 minutes. During long duration tests, the
cycle time fluctuated between these two extremes. At the time of the shut
down all temperatures appeared to be consistent with the initially measured
temperatures, After the tests were terminated, radiographic pictures were
taken of the thermal emnergy storage capsules. No distortion of any of the
three capsules could be observed nor were there any indications that any one
of the capsules had sprung a leak., In the General Electric tests the opera-
ting temperature at melting was 1120K and at solidification 1117K, The
operating temperature difference between melting and freezing was approxi-

mately 14K,

9.3 Endurance and Cycle Tests at Arizona State University

The system was placed in a Lindberg heavy duty tube furnace. Three
regions of the furnace, the two ends and middle section, were independently
controllable. They were adjusted such that the system was uniformly heated
over its entire length, The temperature was controlled automatically by a
pyrometer, which is a built-in instrument of the furmace. During the heating
cycle the temperature was kept at 15K above the melting temperature of the
lithium fluoride which was determined to be 1122K, The system was heated up
in the morning and cooled in the evening. For several months this was
reversed, heating during the night and cooling during the day. This was done
to avoid overheating of the laloratory. In those cases the heating cycle was
much longer than the cooling cycle. The sy tem was usually not operated
during weekends., One thermocouple was attached to the cylinder wall at the
midsection and the temperature was recorded continuously on a strip chart
recorder. Two thermocouples were attached to the two end sections of the
system, In the longintudinal temperature profile was periodically controlled
for uniformity. The furnace proved to be very stable and did not need
adjustments.

Since June 24, 1978, over 276 cycles have been performed on the
subsystem, This includes 2,862 hours of cumulative heating at 1122K,
According to GE data, time after the start of the cycle to the approximate
completion of extraction phase, during which the entire subsystem was in the

vicinity of 1122K, was on the order of 150 minutes., 150 minutes, therefore,
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is used to determine the life test time for the 3,150 cycles which were
accumulated. Thus each General Electric cycle had a duration of approximately
two and one-half hours at 1122K for 3,150 cycles, the total time is 7,875
hours combined with the 2,862 hours at Arizona State University. The current

total test time on the unit is 10,737 hours.

9.4 Conclusions

The thermal energy storage sodium heat pipe subsystem is examined
visually occasionally between cycles at Arizoma State University. The system
appears to be performing the same as it always has. The life tests are
continuing and will be continued as long as no failure appears. No damage has
ever been observed except for a considerable amount of scaling of the outer
wall due to oxidation, This observation was also made by General Electric and
Electro Optical Systems during the time in which tests were being performed at
those laboratories. Over 10,737 hours of operation and 3426 cycles have been

completed on the unit at this writing.

9.5 References

[9.1] Solar Collector Thermal Power system (SCTPS) First Interim Report,
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III, Sect. IV, p. 89-160.
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A-1 INTRODUCTION

This report contains a description of the manufacturing processes and
data pertaining to sodium/Inconel 617 heat pipes manufactured for Wright-
Patterson Air Force Base in accordance with Contract No. F33601-79-C0158.

The units described herein are for use in compatibility experiments being
conducted at the USAF/AFAPL laboratories. Manufacturing methods and processes
are similar to those previously employed by HAC for stainless steel heat
pipes.

The basic manufacturing sequence for liquid metal heat pipes is:

1) Ultrasonic followed by vapor degreasing.
2) Wick assembly.

3) Vacuum firing.

4) Electron Beam welding.

5) Leak test.

6) Final vacuum firing.

7) Loading with working fluid.

8) Hot processing under vacuum.

A-2 DESIGN AND PERFORMANCE ESTIMATES

A-2.1 Envelope
The heat pipe envelope is .500 dia. X .404 ID X 18 inches long. Tubing

for the envelope is seamless Inconel 617. End caps were fabricated from .50
diameter rod stock. Prior to welding, each end cap was helium leak tested to
3 X 107* atm—cc/sec to check for porosity. Plate stock in Inconel 617 alloy

was not available. Process and closure end caps were EB welded.

A-2.2 VWick

Wick material consists of 100 X 100 mesh square weave Incomel 617 screen.
Wire diameter is ,0045 inch,.

The wick parameters of permeability (K) and capillary radius (r; ) were
determined. Measured volumes for r, ranged between 8 X 107 m and 1.14 X

1074 m. A value of 1 X 1074 m was used to establish performance estimates,
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The permeability was determined by measuring the wick porosity which was

1 used in the equation:

d? g?

122 (1-¢)2

ve:

o
1

wire dicmeter

]
]

porosity

ysity varied between .702 and .724 with estimated permeabilitizs of 4.16 X
‘°* m2 and 5.32 X 10720 m2, respectively. The lower valuec was used to esti-
» performance,

Figure A-1 contains a plot of maximum axial heat transport versus temper~
‘e for the selected wick design. Equations and fluid properties were taken
1 Reference [A-1].
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A-3 PREASSEMBLY CLEANING PROCEDURES

A-3.1 Envelope

The '’as received’’ - tubing materisl was cleaned per the following
sequence:

1) OD and ID rinsed in reagent grade toluene solvent. During this
rinse, the ID was scrubbed with nylon brushes.

,--.“..-4-_ A,A.-. -
. AV AR P AP r'(__d
N AW.-."'..'..'..u._,'.-f.".".-'r.l.s

= _ 2) OD and ID rinsed with clean reagent grade acetone. Several cleaning
) patches were run through the ID with the acetone until they came out
clean,

3) VUltrasonic clean in clean reagent acetone for at least 5 minutes,
Envelopes were suspended in a vertical position during the ultrasonmic
cleaning cycle.

37 DA

T
l“"

4) Freon vapor degrease for a minimum of 5 minutes. Envelopes were
suspended in a vertical position during vapor degreasing.

g tw sy
S0
ORVRANI R

B S

5) Air dry.

ey
e

6) Each envelope was stored in a clean plastic tube with both ends
capped. Cleaned parts were handled with gloves.

=

Following the above cleaning sequence, each envelope was fired in dry
hydrogen at 1000°C for 10 minutes.

During this firing sequence, a furnsce malfunction caused oxidation of

the parts. A subsequent firing would not remove all oxides.
! Short samples were taken and used to determine a cleaning procedure.
Both chemical and mechanical methods were attempted. Successful clesning was
obtained by honing with 240 grit silicone carbide flex—homes. After honmning,

St (PR AR

the initial cleaning sequences were repeated.

A-3.2 N¥ick

After cutting to size, each wick was cleaned in the following sequence:

1) Ultrasonic clean in reagent grade acetone for a minimum of 5 .minutes.
\ 2) Freon vapor degrease for a minimum of 5 minutes.
7
: 3) Clesned wick material was stored in clean plastic contaimers. A
- layer of lint-free paper was placed between adjacent pieces of screen
S material. The wick material remained in the storage container when
. not in use, Gloves were used to handle the wick during all
L) operations after cleaning.
-
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A-3.3 Mgchined Parts

End caps and process pins were cleaned by acetone ultrasonic and freom
vipor degreasing.

Cleaned parts were stored in plastic containers until needed for
assembly.

Again, only gloves were used to handle clean parts.

A-4 VICK ASSEMBLY

Each wick was rolled on a .300 dia. mandrel (P/N DB703434). The rolling
was performed while the mandrel was inserted in a .400 in.ije diameter die
(P/N DB703433), See Figure A-2.
.é: After rolling was completed, the heat pipe envelope was inserted into the
: .500 dia., X .75 deep counter—drill of the wick die. The vick was then driven

into the envelope and the mandrel withdrawn, VWick ends were spot welded at

P4
PR

g

—_p
s h

each end of the envelope. Complcted wick-envelope assemblies were returmed to

ot

g .'-.YﬂT At et
[ RS Jou s s

their storage containers.

A-5 INITIAL VACUUM FIRING

Each envelope-—wick assembly was vecuum fired. Heating was by resistance
heating of the envelope. Tantalum foil straps were used as both current input
. and supports for the emvelopes. This assured that no cold zones were exper-
ienced at the ends of the envelope. Firing schedules for each assembly are
contained in Table A-1,

Starting pressure for firing was between 2 X 1077 and 4 X 1077 torr.
When the temperature of the emvelopes reached approximately 980°C, the vacuum
pressure would increase sharply. MNaximum pressure listed in Table A-1 is the
pressure at which the system peaked.

At temperatures above 1000°C, heavy deposits collected on the vacuum

e A P
a PR AL S N Tpe

chamber surface. The amount of deposit did nmot appear to decrease during the

52 final bake-out operation. The deposit was also observed at temperatures inm
Li the 800°C range, although they were not ﬁeatly as heavy.

58 Since the aumber of bake-outs did not appear to reduce the deposits, it
;; is concluded that the deposits resulted from evaporation of ome of the
ﬁ; elemonts comprising the Incomel 617 material. The most likely candidate is
ﬁi aluminum, This phenomena may affect longevity of the heat pipes.

F; After firing, all envelopes were stored in glass tubes under high purity

argon.
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Fig. A-2 WICK ASSEMBLY
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Table A-1
INITIAL VACUUM FIRING SCHEDULES

Time (Min.) Above Max.

SIN_ 1000°C Max, Temp. (°C) Pressure (torr)

-001 13 1046 1.4 X 107

~002 5 1001 1.5 X 10~

—003 5 1001 1.5 X 10~

-004 10 1110 1X 10

-005 25 1058 8.6 X 1076

-006 10 1091 7.4 X 10-$ :
- -007 27 1046 1.6 X 1075
- -008 36 1035 1.1 X 1075
B -009 24 1035 3 X 105
e 010 48 1028 9 X 10-¢ |
P.;i: -011 10 1091 7.4 X 1075 |
-012 13 1080 1.4 X 1075

: -013 56 1046 1.1 X 1074

F, -014 Not Used
_ -015 56 1035 1.1 X 10™s |
-016 48 1023 9 X 10~ |
-017 23 1035 1.8 X 1073
p -018 21 1046 1.6 X 107
(- -019 23 1024 1.8 X 10™s
-020 24 1046 3 X 107¢
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A-6 WELDING AND LEAK TESTING

Welding of end caps and envelopes was performed by Electron Beam Welding.
Sample welds were made, cross-sectioned and micrographed to establish the
proper welding schedule,

Figure A-3 shows a cross—section produced by the final weld schedule.
Figure A-3 also shows the closure seal produced by the fusion weld technique.

After welding, each envelope was helium leak tested to 3 X 107* atm-cc/

sec. Both the welder and leak detector were vented to high purity argon gas.

A-7 FINAL VACUUN FIRING

Immediately prior to loading with working fluid, each heat pipe envelope
was vacuum fired. Table A-2 contains firing information for each eavelope.
During these firing sequences, the unknown deposits were again observed to
collect on the chamber wall,

Envelope numbers -001 through —004 were loaded with titanium sponge.
These envelopes were fired at higher temperatures ( >1100°C) in order to break
down titanium oxides. These firing operations produced deposits on the
chamber wall which were almost opaque.

The titanium sponge was vacuum fired prior to loading in the envelopes.

Table A-3 contains the firing schedule for the titanium sponge.
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Weld- Schedule:
Voltage = 40 KV
Current = 13.5 Ma.
RPM = 36
Focus = Sharp {
Time = 2.7 sec.
Penetration =. 125% .
Fig. A-3  MICROGRAPH OF EB WELD AND FUSION WELD
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TABLE A-2
FINAL VACUUM FIRING FOR ENVELOPES

Time (Min.) Above Msx.
S/N_ 1000°C Max, Tem d Pr o
-001¢ 43 1125 1.8 X 10~
-002¢ 25 1125 3.4 X 1075
. -003+ 43 1125 1.8 X 107
-004# 25 1159 3.4 X 107
v -005 23 1058 1.3 X 107
3 -006 15 1091 2 X 107
: -007 21 1012 1X 107
- -008 8 1001 1.1 X 10
& ~-009 13 1001 1.5 X 1075
o -010 36 : 1068 1.4 X 1075
. -o011 20 1001 1.5 X 10
3 -012 8 1012 1.1 X 10~+
-013 15 1103 2 X 107s
-014 Not Used
015 16 1069 2.6 X 107
-016 21 1012 1X10s
-017 36 1091 1.4 X 10
-018 20 1001 1.5 X 10
-019 16 1069 2.6 X 1075
-020 13 1091 1.5 X 107

¢ Contain Titanium Sponge
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TABLE A-3

FIRING DATA FOR TITANIUM SPONGE

(Alfa Lot #120478)

Tempe Vs o

1103
1137
1170
1170
1159

700
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Pressure (torr)

1.8 X 10°¢
8 X 107¢ -
4.6 X 10™¢
3.4X107s =
3.4 X107¢
1.3 X 1077
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After firing, both the envelopes and the sponge were soaked under argon for a
minimum of ome hour before opening the chamber, This assured complete cooling
and saturation with the argon.

After opening the vacuum system, the envelopes were capped and transfer—

red immedistely to the glove box for loading.

A-8 LOADING AND PROCESSING

Loading of the heat pipes is performed inside an inert gas glove box.
The inert gas (argon) is purified by passing it through a Precision Gas
Products purifier model no. PGP-1,

All tools used in the glove box are vacuum baked—out to at least 250°F,
During bake—out the tools are held in a deep stainless container which holds
the argon when the vacuum chamber is opened. The bake—out container is then
closed and transferred to the glove box.

Loading of the heat pipes is accomplished by drawing the melted sodium
directly from its ampoule into a glass syringe. The sodium is then injected
into the heat pipe. After loading, a long capillary tube is inserted into the
heat pipe and a coantinuous flow of purified argon covers the working fluid
until it has cooled and been placed in the process chamber.

After the process chamber has been evacuated, the bottom half of the heat
pipe is resistance heated until the entire heat pipe is isothermal. Once this
is achieved, the process pin is fusion welded into the fill-port of the
process end cap.

The fluid charge for the Imcomnel 617 heat pipes was estimated to be 7.35
grams, Overfill is desired to aid start of the heat pipes, Table A-4 is a
summary of processing data.
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El TABLE A—4
- SUMMARY OF PROCESSING DATA
U
3 Processing Pressure Charge Sodium
: S8/N_ Temp, (°C {torsr) {gm) Lot No,
g -001¢(.82) 880 8.10 072678
@ -002¢(1.11) 967 1.6 X 10-¢ 7.60 072678
-003%(.46) 7.77
-004%(.33) 979 2.2 X 107¢ 7.93 072678
k! -005 - - - -
-006 956 2.6 X 10~¢ 7.98 072678
- -007 801 - 1.4 X 107¢ 7.45 072678
5 -008 146 2 X 107¢ 7.57 122177
y -009 856 1.6 X 10™¢ 7.80 122177
? -010 900 3 X 107 7.39
N -011 176 1.6 X 10~¢ 8.82 122177
§ -012 746 4.5 X 10~ 7.48 072678
%i -013 845 2.9 X 10™¢ 7.67 072678
-014 - - - -
T -015 157 2.5 X 107¢ 7.55 072678
- and 120177
- -016 768 3 X 107¢ 7.80 072678
i! -017 1000 2 X 10°5 8.00 072678
3 -018 834 5 X 1076 9.24 122177
g -019 768 2 X 10~ 7.64 072678
3 -020 845 2.8 X 107¢ 7.38 122177
i
,‘ ¢ Contains Titanium Sponge, gm
g
-
-
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£
-
8
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During sealing of the process ports, molten material was ejected from the
sealing area. This characteristic has not been observed with fusion welding
of other materials, i.e., Hastelloy, Inconel 600, and 601, Haynes 188 or
stainless steels, Great care had to be exercised during sealing to avoid
destroying the seal. One heat pipe was lost because the material literally
burst at the port—-process pin interface., Again, it appears that material is
rapidly evaporating from the Incomel 617 alloy.

Processing for the valved heat pipe (S/N ~001) is shown in Figure A-4.
For this unit, loading was accomplished by drawing the working fluid into the
heat pipe by suction. »

After loading, the heat pipe was attached to an outside port in the
vacuum chamber. An argon gas plug was maintained in the process port in order
to keep the port from plugging with working fluid.

The argon blanket was expelled from the pipe and replaced three times,
The third time the heat pipe temperature was approximately 880°C up to the
process port. This temperature represeants the actual optical pyrometer
reading with no correction, No correction value is available for oxidized
Inconel 617,

When the processed pipe had cooled, the stainless steel tube connecting
the valve to vacuum station was pinched off and welded. The volume above the
valve contains argon ir the event that the valve should develop a leak.

The fluid charge for S/N -001 is 8.1 grams., Working fluid for all heat
pipes was purchased from Alfa division of Ventron Corporation. The sodium was
packed under argon gas in glass ampoules, Purity of the sodium is t3N5. The
Alfa lot numbers for the 50 gram ampoules are listed in Table A-4.°

The processing temperatures listed in Table A-4 are the temperatures at
which the heat pipes became isothermal. Once the pipe became isothermal, the
temperature would rise sharply.

The amount of titanium sponge in heat pipes S/N —001 through -004 is
indicated by the value in parentheses in Table A-4.

Figure A-5 shows S/N -006 as it appears after processing. Temperature is
830°C. The optical pyrometer could not detect any temperature difference

betweon the heated zone and the end cap.
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A9 TESTING

A-9.1 Test Apparstus

Bach heat pipe was performance tested in a vacuum test chamber. The
exterior of the test chamber is shown in Figure A-6. Figure A-7 shows details
of the heater leads, supports, and radiation shields. The test layout is
depicted schematically in Figure A-8.

A-9.2 Temperature Messuroment
Initially, temperature measurements were made using four Type K thermo—

couples. The locations were:

TCl: 0.25 inch from the evaporator ead
TC2: 6.3 inches from the evaporator eand
TC3: 9.0 inches from the condeasor end

TC4: 0.25 inch from the condensor end

Tantalum straps were used to hold the thermocouples in place; however,
the thermocouple readings tended to vary widely. The optical pyrometer was
found to be more accurate for data collection. Thermocouples were still used

to warn the operator of a dry-out condition in the evaporator.

A-9.3 Pover Input and Output

Powver input to the heat pipes was provided by a high current power supply
(1000 amps, 10 volts). Water cooled high current leads penetrated through the
end flange. .

Attachment of the leads to heat pipes was done by two SST304 clamps. One
clamp was rigidly supported by an OFHC bar clamped to the copper water cooled
lead. The remaining clamp was attached to its lead via a flexible OFHC strap
to prevent bending of the heat pipe by thermal expansion. Both high current
leads were rigidly supported by ceramic standoffs mounted on 5/8 diameter
SST304 tubes.

Power output was by radiation to the water cooled chamber wall, The

cooling water temperatuare was maintained at 18°C,
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A-9.4 Test Method

Power input to the heat pipes was increased slowly in increments of ap-
proximately 200 to 250 watts.

After stablization at each power level, the temperatures were measured at
the points indicated by item 8 of Figure 8 and recorded on the data sheet.

VWhen the heat pipes were mounted in the test chamber, they were observed

to have a slight no;ntfve tilt (evaporator up). The tilt was estimated to be
0.15 inch.

A-10 REFERENCES

[A-1] Feldman, K.,T., Jr., '’'The Heat Pipe: Theory, Design, and Applica-
tions,’’ Notes presented at Short Course, University of New Mexico,
Albuquerque, January 1974,
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b Annealing Temperature . : Time at Temperature
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